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Abstract
ABSTRACT
This thesis is concerned with the remediation of acid herbicides by the use of 
calix[4]arene based receptors attached to silica. Following a review on the chemistry 
and uses of herbicides, main aspects of Supramolecular Chemistry (with particular 
emphasis on calixarene receptors) and previous work in the area, the main objectives 
of the thesis are outlined.
Thermodynamic parameters of solution of 5,ll,17,23-tetra-rcrf-butyl-25,27-bis(ethyl- 
amine)ethoxy-26,28-dihydroxy calix[4]arene (receptor) are reported.
Several techniques were used to investigate the interaction of this macrocycle with the 
acid herbicides. Thus from *H-NMR studies on 5,ll,17,23-tetra-rer?-butyl-25,27- 
bis(ethylamine)ethoxy-26,28-dihydroxy calix[4]arene and several acid herbicides in 
CD3CN and CD3OD at 298 K, it is concluded that the tertiary amino groups on the 
pendant arms of the ligand provide the active sites of interaction with these acids.
Conductometric measurements were performed with the aim of determining i) the 
composition of the ligand-herbicide interaction and to gain information regarding the 
strength of interaction of the ligand with acid herbicides in acetonitrile, methanol and 
N,N-dimethylformamide at 298.15 K. ii) the degree of association of these acids in 
the non-aqueous media.
Conductance data were used to calculate the equilibrium constants (proton transfer, 
association and overall constant) resulting from the interaction process between the 
calix[4]arene amino derivative and the herbicides. In doing so, the mathematical 
treatment developed by Danil de Namor and co-workers to derive equilibria data for a 
1:1 process was extended for processes involving interactions between one unit of 
macrocycle and two units of herbicide.
Lower rim calix[4]arene amino derivatives (partially and fully substituted) were 
attached onto a silica-based solid support. Following the characterisation of modified 
silicas, the ability of these materials to remove acid herbicides from water was tested. 
The enthalpy associated with the extraction process was calorimetrically determined.
Final conclusions and suggestions for further research in this area are given.
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Chapter 1: Introduction
1. Introduction
Since the investigation reported in this thesis is concerned with the remediation of 
herbicides by calixarenes attached to solid materials, it was considered necessary to 
give a brief introduction on the environment and its problems, Supramolecular 
Chemistry, particularly the chemistry of calixarenes and finally, the solid supports 
to which macrocycles are attached.
1.1 The Environment
The Environment is defined as that part of the Universe that acts on a system and 
determines its course and form of existence. An environment may be thought or as a 
superset, of which the given system is a subset^ An environment may have one or 
more physical or biological parameters. The environment of a given system must 
necessarily interact with that system. The components of the environment are air, 
soil, water, and living organisms^.
The species Homo sapiens that is, human beings, appeared late in the Earth’s 
history, but were able to modify the earth’s environment by its activities. The ability 
to control and use fire allowed the modification or elimination of natural vegetation. 
The domestication of animals eventually resulted in overgrazing and soil erosion. 
The domestication of plants also led to the destruction of natural vegetation to malce 
room for crops and the demand for wood to use as fuel destroys forests. Wild 
animals were slaughtered for food and destroyed as pests and predators^.
As the human population increased and the technology improved and expanded, the 
problems associated with these became highly significant. Rapid technological 
advances after the Middle Age culminated in the industrial revolution, which 
involved the discovery, use, and exploitation of fossil fuels. Therefore over­
exploitation of natural resources started and the nature of the atmosphere and water
1
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quality changed. Today, extraordinary demands on the environment from a rapidly 
expanding human population and from advanced technological developments are 
causing a continuing and an accelerating decline in the quality of the Environment 
and its ability to sustain life^.
Pollution is the contamination of the environment due to human activities which 
can have adverse effects on living and non-living matter" .^ Thus the contamination 
of air, water and soil interferes with human health, quality of life, and natural 
functioning of ecosystems. In simple terms, pollution can be seen as the wrong 
substance, in the wrong place, in the wrong quantities, at the wrong time. Pollution 
can be classified according to the medium in which it occurs as atmospheric, water 
or land pollution. However transfer can occur from one system to another, resulting 
in a distribution and expansion of the pollutants far from their origin point. 
Pollution also can be classified on the basis of the type of pollutant, such as 
herbicides and other persistent toxic organic compounds, heavy metals, 
radioactivity and toxic gases' .^
1.2 Pesticides
The term "pesticide" is a composite term that includes all chemicals that are used to 
kill or control pests^. In agriculture, this includes herbicides (weeds), insecticides 
(insects), fungicides (fungi), nematocides (nematodes), and rodenticides (rodents).
A fundamental contributor to the “Green Revolution” has been the development 
and applications of pesticides for the control of a wide variety of insectivorous and 
herbaceous pests that would otherwise diminish the quantity and quality of food 
produce^. The use of pesticides coincides with the "Chemical Age" (Table 1.1) 
which has transformed the Society since the 1950sl In areas where intensive 
monoculture is practiced, pesticides were used as a standard method for pest 
control. Unfortunately, with the benefits of chemistry have also come disadvantages 
like significant human health consequences^.
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Table 1.1: Chronology of pesticide development^
Period Class of Pesticide Source Characteristics
1800-
1920s
Early organics,
nitrophenols,
chlorophenols,
creosote,
naphthalene,
petroleum oils
Organic chemistry, by-products 
of coal gas production, etc.
Often lack specificity and 
were toxic to user or non­
target organisms
1945-
1955
Chlorinated organics, 
DDT,
Hexachlorocyclohexane, 
chlorinated cyclodienes
Organic synthesis
Persistent, good selectivity, 
good agricultural properties, 
good public health perfor­
mance, resistance, harmful 
ecological effects
1945-
1970
Cholinesterase
inhibitors,
organophosphorus
compounds,
carbamates
Organic synthesis, good use of 
structure-activity relationships
Lower persistence, some 
user toxicity, some environ­
mental problems
1970-
1985
Synthetic
pyrethroids,
avermectins,
juvenile hormone mimics, 
biological pesticides
Refinement of structure activity 
relationships, new target systems
Some lack selectivity, resis­
tance, costs and variable 
persistence
1985- Genetically engineered organisms
Transfer of genes for biological 
pesticides to other organisms and 
into beneficial plants and 
animals. Genetic alteration of 
plants to resist non-target effects 
of pesticides
Possible problems associated 
with mutations and escapes, 
disruption of microbio­
logical ecology, monopoly 
on products
While agricultural use of chemicals is restricted to a limited number of compounds, 
Agriculture is one of the few activities where chemicals are intentionally released 
into the environment because they kill unwanted species^. The use of pesticides in 
Agriculture increased substantially. The American Chemical Society database 
indicates that there were some 13 million chemicals identified in 1993 with about 
five hundred thousand new compounds added annually^.
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Although the number of pesticides in use is very large, the largest usage tends to be 
associated with a small number of products^. In a recent survey in the Agricultural 
Western Provinces of Canada where some fifty pesticides are in common use, 95% 
of the total applications correspond to nine separate herbicides^®.
The impact on water quality by pesticides is associated with the following factors^ ^
1. Active ingredient in pesticide formulation.
2 . Contaminants that exist as impurities in the active ingredient.
3. Additives that are mixed with the active ingredient (wetting agents, 
diluents or solvents, extenders, adhesives, buffers, preservatives and 
emulsifiers).
4. Products formed during chemical, microbial or photochemical degi'adation 
of active ingredients.
The toxicity or ecotoxicity limits of pesticides in water are based on values 
calculated from experimentally determined no-effect levels or acceptable effect 
levels tests. These limits will depend on the pattern needed for the control of the 
pest and the assumptions made about the volume of water receiving the dose^ .^ In 
1987 The World Health Organisation (WHO) developed guideline levels for some 
herbicides in drinking water based on an evaluation of the toxicity of each 
compound and on the assumption that an average adult of 70 kg consumes 2 liters 
of water per day'^ This Organisation also drew attention to the possible presence in 
the commercial product of impurities of toxicological importance and formulated 
preventive measures to minimise water contamination. In a later WHO Report, the 
concepts of contaminants for drinlcing water quality were reiterated and expanded^" .^ 
In Table 1.2 the WHO guideline values (GV) for pesticide residues in drinlcing 
water are presented. The GV’s values are calculated from the 1 % of the Tolerable 
Daily Intake (TDl) for those pesticides with a potentially high exposure and 10 % 
of TDl for others. For potentially carcinogenic pesticides these values are based on 
modelling and are associated with an estimated upper-bound excess lifetime risk‘d
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Table 1.2. Health-based guideline values derived by WHO for pesticide residues in 
drinking water
Pesticide GVPpb Pesticide
GV
ppb Pesticide
GV
Ppb
Alachlor 20 1,3-Dichloro-propene 20 Metolachlor 10
Aldicarb 10 Dichlorprop 100 Molinate 6
Aldrin/dieldrin 0.03 Diquat 10 Pendimethalin 20
Atrazine 2 EDB*^ 0.4-15 Pentachlorophenol 9
Bentazone 300 Fenoprop 9 Permethrin 20
Carbofuran 7 Glyphosate Ub Propanil 20
Chlordatie 0.2 Heptachlor + epoxyde 0.03 Pyridate 100
Chlortoluron 30 Hexachlorobenzene 1 Simazine 2
Cyanazine 0.6 Isoproturon 9 2,4,5-T^ 9
2,4-D" 30 Lindane 2 Terbuthylazine 7
2,4-DB‘’ 90 MCPA® 2 Trifluralin 20
DDT® 2 Mecoprop 10
l,2-dibromo-3-
chloropropane 1 Methoxychlor
b A /r s  A .  . .  .1_____
20
chlorophenyI)ethane,  ^ ethylene dibromide, ® 2-methyI-4-chIorophenoxy acetic acid,  ^ 2,4,5-trichloro- 
phenoxy acetic acid.
In addition to ecological impacts resulting from the use of pesticides, those that 
have been long banned in Developed Countries (such as DDT, toxaphene.), are 
consistently found in remote areas such as the High Arctic. Chemicals that are 
applied in tropical and subtropical Countries are transported over long distances by 
global circulation^®.
1.2.1 Human health effects of pesticides
Perhaps the largest regional example of pesticide contamination and its effect on 
human health is that of the Aral Sea Region*^ where their effects are linlced to "the
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level of oncological (cancer), pulmonary and haematological morbidity, as well as 
on inborn deformities and immune system deficiencies".
Human health effects are caused by:
i) Skin contact as a result of handling pesticide products.
ii) Inhalation by breathing of dust or spray.
Hi) Ingestion of pesticides consumed as a contaminant on/in food or in water.
Farm workers are exposed to high risks associated with inhalation and skin contact 
during the preparation and the application of pesticides to crops. However, for the 
majority of the population, a principal vector is through the ingestion of food 
contaminated by pesticides. Degradation of water quality by pesticide runoff has 
two principal human health impacts. The first one is the consumption of fish and 
shellfish that are contaminated by pesticides; this can be a particular problem for the 
subsistence of fish economies that lie downstream of major agricultural areas. The 
second one is that related with the direct consumption of pesticide-contaminated 
water^^. Wang and Lin^ ® (1995) studying substituted phenols and tetrachloro- 
hydroquinone found that a toxic metabolite of the biocide pentachlorophenol, 
produces "significant and dose-dependent DNA damage".
1.2.2 Ecological effects of pesticides
Pesticides are included in a broad range of organic micro-pollutants that have 
ecological impacts^®. Different categories of pesticides have various types of effects 
on living organisms, therefore generalization is difficult. Although terrestrial 
impacts by pesticides do occur, the principal pathway that causes ecological 
impacts is that from water contaminated by pesticide runoff^^ The two principal 
mechanisms are i) bio-concentration and ii) bio-magnification.
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1.2.3 Degradation of pesticides by natural factors
In addition to chemical and photochemical reactions, there are two principal 
biological mechanisms that cause degradation of pesticides^^. These are:
Î) Microbiological processes in soil and water and
ii) The metabolism of pesticides that are ingested by organisms as pait of their 
food supply. While both processes are beneficial in the sense that pesticide 
toxicity is reduced, metabolic processes cause adverse effects.
As far as the reseaich covered in this thesis is concerned, this study aims to 
investigate the remediation of acid herbicides. Therefore the characteristics and 
effects of these pesticides (herbicides) on human healtli and the Environment are 
outlined in the next Section.
1.3 Herbicides
Herbicides are products used to control or eliminate different weeds or unwanted 
herbs^^. They have largely replaced manual or mechanical methods of weed control 
especially in countries where intensive agriculture is practiced. Therefore herbicides 
together with fertilizers and otlier pesticides make an important contribution to 
increase food production.
Herbicides are also used extensively away firom the farm, in areas such as industrial 
sites, roadsides, irrigation channels, power lines and railroads among others.
Herbicides are classed as /) selective when they aie used to kill weeds without 
harming the crop and n) non-selective, used to kill all vegetation. Depending on the 
mode of action, they can be applied to weed foliage or to soil containing weed 
seeds^ "^ .
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The classification of herbicides would be simple if only the selectivity criterion is 
applied; however, there are multiple classification schemes that may be based on 
selectivity, contact versus translocation, timing, area covered and chemical matter^ ®.
Contact herbicides kill those parts of the plants where the chemical is applied and 
are effective on annual weeds, (those weeds that germinated from seeds and reach 
maturity in one year). Translocated herbicides are those that are absorbed either 
by the roots or the leaves and then circulate in the plant system to distant taigets. 
These are used for all plant types, but their advantage is in the control of perennial 
plants, (those weeds that grow continuously from year to year)^ ®
As far as timing is concerned, there are three categories, i) pre-planting, used for 
the control of annual weeds before the crop is planted, ii) pre-emergent, which are 
applied before emergence of crop or weed, and Hi) post-emergent, when the 
application is carried out after the crop or weed emerges from the soif®.
Classification of herbicides based on the area covered involves, /) band when the 
application treats a continuous strip as along or in a crop row, ii) Broadcast when 
the application covers the entire area, including the crop, Hi) Spot treatment when 
the application is confined to small areas of weeds and iv) direct sprays are those 
applied to selected weeds or the soil to avoid contact with the crop^ ®.
According to their structure, herbicides can be classified in two groups, 0 
Inorganic and ii) Organic.
Inorganic herbicides are the first chemicals used in weed control. Copper sulphate 
was introduced in 1886 to kill weeds in grain fields. Sodium arsenite was used in 
the first half of the last century as standard herbicide in the commerce. Ammonium 
sulphate was introduced as bush controller in 1942. Today inorganic compounds are 
being replaced by organic herbicides due to their high toxicity^®.
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The classification of organic herbicides is complicated due to the laige number of 
chemical classification, up to thirty one if the petroleum oils are considered (now 
banned). The classification used in this thesis is based on the Herbicide 
Classification of the Weed Science Society of America^® and this is presented in 
Table 1.3 including the name of the group or family, their mechanism of action and 
some important characteristics. For each Group, the structure of the most 
representative herbicide is shown in this Table.
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Table 1.3 Chemical classification of Herbicides^®.
Group Description Structure
Amides
Consist of simple molecules with diverse biological 
properties, easily degraded in plants and soil. The most 
representative herbicide in this group is 3,4-dichloro- 
propionanilide, used as a selective post-emergent control 
for broad weeds. Its mechanism of action is by 
photosynthesis inhibition.
3,4- dichloropropionanilide 
(Propanyl)
Arsenials
Not used now as agricultural herbicide, they are 
derivatives of the arsinic and arsonic acid. Its mechanism 
of action is replacing phosphates, therefore, affecting the 
normal growth of the plant. They are usually applied as 
spot treatments.
HgC—AS-GHg 
OH
Dimethyl arsenic acid.
Aryloxy-
phenoxy
propionates
One of the latest class of herbicides, used against all type 
of grasses, useful in broadleaf crops. It is the most widely 
used among the Group of post-emergent herbicides. They 
are inhibitors of lipid biosynthesis and auxins.
Butyl-2-(4-(5-trifluoromethyl-2- 
pyi'idyloxy)phenoxy) propionate 
(Fusilade)
Benzoic Acids
DICAMBA is the only survivor of this Group. It is 
applied directly to the soil against germinating seeds and 
seedlings. The mode of action is interfering with the cell 
formation by affecting the synthesis of proteins. 2-methoxy-3,6-dichlorobenzoicacid,
(DICAMBA)
Benzo-
tliiadiazoles
Bentazone is currently the only member of this Group 
used to kill broadleaf weeds by photosynthesis inhibition, 
used as post-emergent treatment in crops of soybeans, 
corn and rice against broadleaf weeds.
H 0
3 -( 1 -methylethyl)-1H-2,1,3 -benzo- 
thiadiazin-4 (3H)-one 2,2-dioxyde 
(Bentazone)
Bipyridy-
liums
Contact herbicides that damage plant tissue by 
destruction of the cell membrane, therefore a rapid 
desiccation of the plant occur. Usefiil herbicide for pre­
harvest application, they are also used in aquatic weed 
control.
1, r-dimethyl-4,4’-bipyridylium 
ion 
(Paraquat)
10
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Table 1.3 (continuation)
Carbamates
Esters of carbamic acid, used as pre-emergent 
herbicides. Their mode of action is to stop cell division 
by cessation of protein production and by shortening of 
chromosomes.
"  OH,
Isopropyl carbanilate 
(Prophan)
They are hormone lype herbicides that translocate in 
Carboxylic both, phloem and xylem, useful in control of perennial
acids broadleaf weeds and bush. Their mode of action is to
act as the natural plant hormone, indoleacetic acid. 4-amino-3,5,6-trichloropicolinic
acid
(Tordon)
Cyclohexane-
diones
Selective post-emergence herbicides used to control 
annual and perennial grass weeds in broadleaf crops. 
They are inhibitors of lipid biosynthesis and auxins 2-[ 1 -(ethoxy imino)buty l)-5-[2- (ethylthio)propyl] -3 -hydroxy-2- 
cyclohexene-1 -one 
(Poast)
These herbicides are incorporated to the soil for their 
use. Pre-emergence and selective herbicides in many 
Dinitroanilines field crops; they inhibit both, root and shoot growth by 
inhibiting the development of several enzymes and 
leadmg to uncoupling of oxidative phosphorilation.
C - C
NO, "2 CH,
a,a ,a  ti'ifluoro-2,6-dinitro-N,N- 
dipropyl-p-toluidine 
(Trifluralin)
Used for more than 50 years as herbicides, ovicides, 
fungicides, insecticides; they uncouple oxidative 
Dinitrophenols phosphorilation in plants and also in warm blooded 
animals including man. These are not longer used due 
to the suspected long-term health effects in humans.
o,N
H.C -C H,
2-sec-butyl-4,6-dinitrophenol
(Dinoseb)
Diphenyl
ethers
Contact type herbicide generally used to control annual 
weeds with pre-emergence or early post-emergence 
application, their mode of action is by chlorosis and 
necrosis of leafs due to the inhibition of electron 
transport and coupled phosphorilation.
ONa
Sodium 5-[2-chloro-4- 
(trifluoromethyl)-phenoxy] -2- 
nitrobenzene (Acifluorfen)
11
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Table 1.3 (continuation)
Imidazoli-
nones
Relative new class of organic herbicides (1981), they are 
meristematic inhibitors (stopping aminoacids branched 
chain biosynthesis), effective against broadleaf weeds. OH2-[4,5-diliydro-4-methyl-4-( 1 - 
dimethyl)-5-oxo-1 H-imidazole-2- 
yl]-3-pyridine carboxilyc acid 
(Imazapyr)
Nitriles
Contact and post-emergence herbicides against broadleaf 
weeds in grass type crops. Their mode of action is the 
gross disruption of tissues by inhibiting oxidative 
phosphorylation and preventing the fixation of CO2.
f
2,6-dichlorobenzonitrile
(Dichlobenil)
Phenoxy
Acids
Introduced in 1949 as 'hormone' weed killer, highly 
selective for broadleaf weeds. Their mechanism of action 
resembles that of auxins (growth hormones). They affect 
cellular division, activate phosphate metabolism and 
modify nucleic acid metabolism.
2,4-D, MCPA and 2,4,5-T have been used for many 
years in large volumes Worldwide with unknown 
adverse effect on human health. 2,3,5-T was used to 
control woody perennial weeds. It was removed from the 
Market in 1984 due to the presence of dioxins as 
contaminant in its formulation
Cl— <( \ - 0  OHH, %
2,4-dichlorophenoxyacetic acid 
(2,4-D)
Phosphono 
amino acids
Non-selective herbicides used to control broadleaf 
weeds. Their mode of action is to interfere with the 
normal synthesis of aminoacids which results in the 
inliibition of nucleic acid’s metabolism and protein 
synthesis.
0  0
N-(phosphonomethyl)glycine
(Glyphosate)
Phenyl
Carbamates
Post-emergence herbicides used to control broadleaf 
spring weeds in sugar beet crops exclusively. They 
inhibit the photosynthesis process resulting in an stop of 
ATP production.
CH,
Methyl m hydioxycarbamilate m 
methylcarbamilate 
(Phemediphan)
Phthalic acids
Highly effective against most grasses and broadleaf 
weeds, used in sugar beet crops and as aquatic herbicides 
(alguicide). They inhibit mitosis probably by affecting 
phragmoplast microtubule arrays and cell wall formation.
cr" Y ^ ci
Dimethyltetrachloroterephthalate
(Chlorothal)
12
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Table 1.3 (continuation)
Pyridazinones
New compounds used to control grasses and broadleaf 
weeds in sugar beet crops as pre-emergence herbicides. 
Also used as aquatic herbicides in ponds, iiTigation 
channels and lakes; they show inhibition of the Hill 
reaction and inhibition of the pigment formation and 
uncoupling phosphorylation.
" A  / = H  /= (  ^
Cl o
4-chloro-5-(methyIamino)-2-[3-
(trifluoromethyl)phenyl]-3-(2H)-
pyridazinone
(Norflurazon)
Pyridines
They are pre and post-emergence herbicides, used only 
in turf for the control of a wide variety of grasses. Their 
mechanism of action is inhibition of mitosis affecting 
cell division.
w kF F
3,5-pyridinedicarbothioic acid, 2- 
(difluoromethyI)-4-(2-methylpropyl)-6- 
(trifluoromethyl)-S,S-dimethylester 
(Dithiopyr)
Sulfonyl ureas
Herbicides with foliar and soil activity against 
broadleaf weeds. They have low mammalian toxicity , 
their mode of action is to inhibit meristematic growth 
by interfering in the biosynthesis of branched chain of 
amino acids.
They are the largest group of herbicides with more than 
22 different compounds on the Market.
O -C H ,/ = \  W / = (
Cl CH,
2-chloro-N-[(4-methoxy-6-methyl- 1,3,5 -triazin-2-y l)aminocarbony I]- 
benzenesulfonamide 
(Chlorosulfuron)
Thiocar-
bamates
They are selective herbicides, useful for weed control 
in cropland, they must be incorporated in the soil due to 
the high volatility. Their mechanism of action is by 
inhibition of the development of seedling shoots and 
roots. Consequently they are used as pre-plant or pre­
emergence soil incorporated herbicides.
H3C
S-ethyl dipropylthiocarbamate 
(EPIC)
Triazines
Post-emergence herbicides applied mainly into the soil. 
The most representative herbicide in this Group is 
atrazine, which was the most used pesticide in USA in 
199?27 fQj. corn crops. They are inhibitors of the 
photosynthetic electi on transport.
IH, r  «fH,
H ,C '
2-chloro-4-(ethylamino)-6-
(isopropylamino)-5-tiiazine
(A traz in e)
Triazinones
Herbicides used in soybeans, wheat and sugarcane 
crops, also used to control annual, biannual, perennial 
weeds and woody plants in non-croplands. They inhibit 
the photosynthesis by blocking the electron transport.
"'As'™'
4-amino-6-( 1,1 -diinethylethyI)-3- 
(methylthio)-1,2,4-triazin-5(4H)-one 
(M etrib u zin )
Tryazolo-
pyrimidines
This is a new Group of herbicides, closely related to 
imidazolinones. They are selective pre-plant, pre­
emergence and post-emergence herbicides for broadleaf 
in corn and soybean crops. Their mode of action is 
similar to that show by sulfonyl ureas and 
imidazolinones.
4-amino-6-(l, l-dimethylethyl)-3- 
(methylthio)-1,2,4-triazin-5(4H)- 
one 
(Flumetsulam)
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Table 1.3 (continuation)
Uracils
Pre and post-emergence herbicides for non-crop use. 
These control a wide range of grasses and broadleaf 
weeds. The uracils inhibit the photosynthesis by blocking 
the Hill reaction.
T  I H,
0  CH,
5-bromo-3-sec-butyl-6-
methyluracil
(Bromacil)
Ureas
They are non-selective herbicides and are usually applied 
to the soil. They affect the photosynthesis by inhibition 
of the Hill reaction.
F ^ F
p F
C H ,
1,1 -dimethyl-3-(a,a,a-trifluoro-m- 
tolyl)urea 
(Fluometuron)
1.4 Acid Herbicides
Among all groups of herbicides, seven herbicides have been selected (with the 
particularity to contain in their structure a carboxylic acid as common 
characteristic) to carry out this investigation. These are 2,4-dichlorophenoxyacetic 
acid (2,4-D), 2-(2,4-dichlorophenoxy)propionic acid (DP), 2,4,5-
trichlorophenoxyacetic acid (2,4,5-T), 2-(2,4,5-tiichlorophenoxy)propionic acid (2-
2,4,5-T), 2,3,6-trichlorophenylacetic acid (2,3,6-T), naphthalene acetic acid (NA) 
and 2-(2,4-dichloropenoxy)butyric acid (BU) (Fig 1.1) and these are now discussed 
separately.
14
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Cl Q OH
Cl O
2,4-Dichlorophenoxyacetic acid (2,4-D)
Cl
4-(2,4-DichIorophenoxy)butyric acid (BU)
Cl ■Q OH
Cl / O 
2“(2,4-Dichlorophenoxy)propionic acid (DP)
V J '  °
Naphthalene acetic acid (NA)
Cl,
OH
2.4.5-Trichioroohenoxvacetic acid (2.4.5-T)
Cl,
Cl p H
2-(2,4,5-TrichIorophenoxy)propionic acid 
(2-2,4,5-T)
Cl Cl o 
2,3,6-Trichlorophenoxyacetic acid (2,3,6-T)
Fig. 1.1 Group of herbicides selected to perform this investigation
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1.4.1 2,4-Dichlorophenoxyacetic acid. (2,4-D)
2,4-Dichlorophenoxyacetic acid, (2,4-D), was the first identified and marketed 
herbicide. Although 2,4-D has been used for a very long period of time, its effect on 
human health and the Environment is not well established^^.
2,4 D is a highly selective herbicide, is less harmful to grasses but it is highly toxic 
to broad-leafed plants^^. After many years of use, 2,4-D is at present manufactured 
and sold by different companies around the World.
The Global Market is estimated to be over 300 millions US dollars and the main 
producers are Agrolinz, Atanor, AH Marks (UK), Dow (USA), Nufarm (Australia), 
Rhône-Poulenc, (France), Polikemia, Sanachem, Sinochem (China) and Ufa 
(Russia), together with four other producers in Turkey^^.
Until the production of 2,4-D was discontinued some years ago due to 
“environmental problems”, Ufa produced about 49,000 tons of different 
formulations of this herbicide. Production has been resumed at lower levels. Dow 
(USA) is now the largest producer of 2,4-D (20,000 tons p/annum) in America, 
while Rhône-Poulenc is the largest European producer (7,000 tons p/annum), 
followed by Agrolinz (4,000 tonnes p/annum)^^.
Uses
The principal use of 2,4-D is for the control of broad leaf weeds in cereal crops 
including wheat, maize, rice and sorghum and grassland and turf areas. It is also 
widely used in mixtures with other herbicides to provide weed control in forestry, 
orchards and non-crop areas, as well as for the control of aquatic weeds^^.
Herbicides containing phenoxy acid groups are probably the most widely used. The 
US, South America, Europe and Countries of the Former Soviet Union are the most
16
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important markets for 2,4-D. Weed control in United States wheat relies on 2,4-D 
and due to its global use its production is expected to increase over the next decade. 
In the United States where 2,4-D was the third most used herbicide in the early to 
mid 1990s, over 31,000 tons of this compound were used annually. In the UK it is 
among the top six herbicides used by local authorities, and it is ranlced seventh 
among the herbicides used on grassland and fodder crops and twentieth among 
herbicides used in orchards^ \  Overall the area of land treated with 2,4-D in the UK 
agriculture (excluding amenity use) declined by 83 % during the 1984-1994 period.
2.4-D is also used widely in Developing Countries: India, for example, used 1,300 
tons in 1994-5.
2.4-D has low soil sorption and a high potential for leachability. Indeed 2,4-D 
residues have been recorded many times, both, by Water Company Monitoring 
Programmes and by the UK Department of the Environment. It has also been 
detected in groundwater supplies in USA and Canada^^. In 1994, 3 % of 
groundwater samples, and in 1995, 4% of surface water samples in England and 
Wales exceeded the EU standard^^.
Its high potential to water contamination has led to the inclusion of 2,4-D in the EC 
Priority Candidate List of chemicals to be considered for inclusion among the 
chemicals most tightly controlled to prevent water pollution^^. 2,4-D is also a 
priority candidate for inclusion in the UK Department of the Environment Red List, 
which has a similar function.
1.4.2 2,4,5~TrichIorophenoxyacetic acid, (2,4,5-T)
2,4,5-Trichlorophenoxyacetic acid (2,4,5-T) was discovered in the mid 1940’s as 
broad leaf plant killer. This discovery led to extensive investigations resulting in 
a large scale commercial use of the herbicide for bush control on powerlines, 
highways and pipelines right of way^ "^
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It was effective also in selectively removing shrub competition from coniferous 
forest and for the control of broadleaf weeds in rice. Its modest cost, moderate to 
low toxicity and systemic efficacy (especially on woody broadleaf species) made 
it ideal for the forest and range management^^.
By 1951, the production 2,4,5-T increased up to one thousand tons per year; by 
1960, the use of 2,4,5-T was Worldwide and its production reached three 
thousand tons per year^^’^ .^ From 1961 to 1969 United States produced over 70 
thousand tons of 2,4,5-T, with approximately 50 % used domestically.
In 1962, Rachel Carson^^ cited a concern regarding 2,4-D and 2,4,5-T and the 
unknown biological and ecological consequences of the excessive use of 
domestic weed killers. The discovery of 2,3,7,8-tetrachlorodibenzo-p-dioxin 
(TCDD) as a contaminant of these products which can cause birth defects on 
mammals^^ and the use of 2,4,5-T in the Vietnam War (Agent Orange) increased 
public pressure to remove 2,3,5-T from the Market. It has now been banned 
completely in several Countries including Germany and USA.
Agent Orange
Agent Orange is the code name given to the combination of 2,4-D and 2,4,5-T 
which was widely used as defoliant by the US Aimy in the Vietnam war in the 
1960’s, with the aim of removing the leaves of trees to prevent ambush from the 
Vietnamese Army. It caused serious harm to the health of exposed Vietnamese, 
Canadians and Americans due to the presence of dioxin as a contaminant^^.
The Seveso Incident
In 1976, an explosion occurred at the Givaudan Plant (producer of 2,4,5-T) near 
Seveso in Northern Italy, as a result of an unexpected rise in temperature causing 
a rapid increase in pressure. A chemical cloud containing 2,4,5-T and its
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dangerous impurity dioxin was released over the surrounding area, the population 
of Seveso was evacuated and the area was sealed off. The locally grown food 
was banned for several months and the top soil was removed and incinerated. 
Cases of liver cancer, skin disease and abortion of pregnant women were 
reported in the population'^®.
The Seveso incident has made people more careful about the existence of 
chemical factories close to populated areas.
1.4.3 2-(2,4-Dichlorophenoxy)propionic acid, (DP)
Introduced by Boots Co. in 1961 as a selective herbicide against weeds in grain 
cultivation and on grassland, this herbicide is either used alone or in combination 
with other weed killers. It is a moderate irritant to the skin, eyes and sinuses. 
Long-term contact with the skin may result in its loss of pigmentation. This 
product can reach groundwater as a result of mixing-loading and due to its 
intensive use and poor biodegradability it can be detected in ground and surface 
water^^’'^ ^
1.4.4 4-(2,4-Dichlorophenoxy)butyric acid. (BU)
4-(2,4-Dichlorophenoxy)butyric acid is a selective systemic herbicide from the 
phenoxy family. It is used for the control of many annual and perennial broadleaf 
weeds in alfalfa, peanuts, soybeans and other crops. In the plant, the compound 
changes to 2,4-D by p-oxidation and inhibits gro-wth at the tips of stems and 
roots^.
The effects of long-term exposure to this herbicide include decreases in body and 
heart weight and changes in blood chemistry'^^.
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1.4.5 2-(2,4,5-Trichlorophenoxy)propionic acid (2,245-T)
2-(2,4,5-Trichlorophenoxy)propionic acid is a white organic powder with little 
odour. It was used as a post-emergent herbicide for the control of woody plants, 
broadleaf herbaceous weeds in rice and bluegrass turf and weeds in ditches and 
riverbanks, floodways and reservoirs. The effects of 2,245-T on human health 
when people are exposed for a short period of time are weakness, stomach 
irritation and minor damage to liver and kidneys. In 1985, 2,245-T was banned in 
several Countries included United States of America'^^.
1.4.6 2,3,6-Trichlorophenylacetic acid (236-T)
This herbicide is used for pre-emergent season-long control of weeds, 
particularly seedling johnsongrass in sugarcane, also used in many annual 
broadleaves and grasses. Its also effective against submerged aquatic weeds'^ ' .^
Having discussed briefly some aspects of the herbicides involved in this work, in 
the next section a brief introduction to Supramolecular Chemistry is given.
1.5 Supramolecular Chemistry
Since the alternative proposed in this investigation for the remediation of acid 
herbicides involves calix[4]arene amine derivatives as receptors, a brief description 
of Supramolecular Chemistry is given.
Supramolecular Chemistry is based on the molecular assemblies and intermolecular 
bond covering mainly the structures, properties and reactions of molecular species. 
Jean-Marie Lehn'*  ^introduced the concept of Supramolecular Chemistry in 1978, as 
an interdisciplinary field of Science ^'covering the chemical, physical and biological 
characteristics o f the chemical species o f  greater complexity than molecules
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themselves that are associated by intermolecular (non-covalent) binding 
interactions^'. It has been also defined as organised entities of higher complexity as 
a result of the association of two or more chemical species connected by 
intermolecular forces'^ .^ (See Scheme 1.1)
M olecular C hem istry
Molecular Precursors
Guest Host
Covalent molecule: 
Chemical nature 
S hape
Redox properties 
HOMO-LUMO gap 
Polarity
Vibration and Rotation
Magnetism
Chirality
Supram olecular C hem istry 
■ ■ ■
I Specific Characteristics. I function or properties:
I Catalysis 
I Transport
Super-molecule (complex)
Degree of order 
Interaction between subunits 
Symmetry of packing 
Intermolecular Interactions
Scheme 1.1. Representation of Molecular and Supramolecular Chemistry
Supramolecular Chemistry started with the selective interaction of alkali-metal 
cations by natural and synthetic macrocyclic ligands. The latter were discovered 
during last decades. Macrocyclic molecules are entities with a specific arrangement 
of binding sites, which control their coordination environment and stereochemistry. 
They display remarkable and often unique stabilities and selectivities. A wide range 
of macrocyclic compounds (ligands) able to interact with cations, anions and 
neutral species has been synthesised or isolated from natural sources. Among the 
synthetic macrocyclic ligands are i) Crown ethers (Pedersen'^^’'^ *), ii) Cryptands 
(Lehn'^ ®’^®) Hi) Spherands (Cram^''^^) and /v) Calixarenes (Zinke and Ziegler^ '^ '^^ ). 
Representative examples of these macrocycles are shown in Fig. 1.2. They have the 
ability to interact with ions and neutral molecules due to the presence of holes 
(crown ethers) or cavities (cryptands, spherands and calixarenes). The strength of 
these interactions and the selectivity of the ligands towards different ‘guests’ 
depend on the size of the cavity, the nature of the donor atoms or functional groups
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of the ligand and their conformations, as well as the solvation properties of the 
reactants and the product participating in the binding process.
(a)
Me I Me
Me
MeMe
p O N
° w °
(b)
OH 
•OH HO
(c) (d)
Fig 1.2. Structures of a) crown ether (18 crown 6), b) cryptand (cryptand 
222) c) spherand and d) calixarenes (calix[4]arene).
In 1967 Charles Pedersen reported the synthesis of crown ethers"*^ ’"^ .^ They are 
macrocyclic ligands known for their ability to form complexes with alkali and 
alkaline-earth metal cations^^. They present in their structure a two-dimensional 
hole rather than a cavity. Thus, upon complexation, the cation is not completely 
encapsulated and this allows direct interaction with solvent molecules'^’.
A large variety of crown ethers have been synthesised in order to enhance the 
selectivity of these macrocycles or to target specific ions either by enlarging the size 
of the hole or by increasing the number of donor atoms or by introducing different 
donor atoms in their structure. Thus oxygen has been replaced by other donor atoms 
such as sulphur or nitrogen atoms^^.
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Cryptands were successfully synthesised in 1969 by Jean-Marie Lehn'^ '^^ .^ These are 
bicyclic compounds containing a three dimensional cavity lined with oxygen and 
nitrogen atoms, which gives these ligands the property to form stronger complexes 
with cations than those of crown ethers. In addition, complete encapsulation of the 
monovalent cation in this cavity is usually achieved which shielded it from direct 
interaction with solvent molecules (except water or protic solvents able to enter 
hydrogen bonding)^’. Also cryptands are able to interact with amino acids through 
hydrogen bond formation^^. Like crown ethers, cryptands with different donor 
atoms have been synthesised to enhance the selectivity of the ligand for certain 
metal cations.
Spherands were discovered by Cram^ '^^’. They are macrocycles with a rigid 
octahedral cavity which interact selectively with lithium but also can interact with 
lower selectivity with sodium. Interaction of these ligands with larger cations was 
not found. This is probably due to the rigidity of the intramolecular cavity. (Fig. 
1.2)
Calixarenes were discovered in 1941 by Zinke^^’^ '^ , from the base-induced reaction 
of p-tert-\mty\ phenol with formaldehyde. The cyclic tetramer and mainly its 
derivatives possess two different cavities, which give the particularity to interact 
with different species at the same time. Another advantage of calixarenes over other 
macrocycles is that parent calixarenes can be easily modified enhancing their ability 
to interact with neutral and ionic species.
Due to the fact that the investigation carried out in this thesis is based on 
calixarenes, a brief introduction on calixarene chemistry is given in the next 
Section.
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1.6 Calixarenes
As stated before calixarenes were first synthesised by Zinke in the early 1940’s^  ^by 
the condensation of p-alkylphenols with formaldehyde in the presence of a base 
yielding cyclic oligomers^^. However, the Zinke products were mixtures^^. Thirty 
years later, in 1970’s Gutsche and co-workers^® developed methods for the 
synthesis of the major cyclic oligomers in good and reproducible yields. It is today 
the easy single-step preparation of these macrocycles which made these materials so 
attractive for research. Now the field of calixarene chemistry has expanded and 
found applications such as ion and neutral species complexing agents, ion transport, 
enzyme mimic building blocks, extracting agents and have been extensively used 
for the design of sensor among other applications®\
1.6.1 Nomenclature
Gutsche gave the name of calixarenes in 1987 to these cyclic oligomers to describe 
the shape of the cyclic tetramer in the “cone” conformation, due to the similarity of 
the Greek vase called “calix crater” and then this name was extended to all phenol 
and resorcinol derived compounds. The term “arene” is due to the presence of 
aromatic rings in their structure. The number in brackets between “calix” and 
“arene” indicates the number of aromatic rings in their structures. The substituents 
at the para position are indicated by prefixes before the word “calix”. As an 
example the cyclic tetramer derived from the p-tert-huty\^h&no\ is called p-tert- 
butyl calix[4]arene, but its systematic name is 5,11,17,23-tetra-rer^- 
butylcalix[4]arene-25,26,27,28-tetrol (Fig. 1.3).
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20 .18 19( OH 
OH HO- 
OHi n t
Fig. 1.3 The p-tert-hvityV calix[4]arene or 5,ll»l'7,23-tetra-^er^ 
butyl-calix[4] arene -25,26,27,28-tetroI
1.6.2 Properties
Stereochemical Properties
As far as the conformational properties of calixarenes are concerned, in parent 
calixarenes, rotation about the methylene bridge between the aromatic rings can 
occur at room temperature. The number of possible conformations increases 
considerably with the flexibility of the phenolic units in their structures'^. Thus, in 
solution, calix[4]arene presents four different conformations^^, as represented in 
Fig. 1.4.
Calix[5]arenes can adopt four up/down conformations, while calix[6] and 
calix[8]arenes can adopt eight and sixteen conformations respectively.
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R R R 8
OH OH OH
Partial cone
1,3 Alternate 1,2 Alternate
Fig. 1.4 Different conformations of calix[4]arenes
According to Kammerer^^ and Mimch '^ ,^ the cyclic tetramer (p-tert- 
butylcalix[4]arene) can exist in a ‘cone’ conformation, probably due to the strong 
intramolecular hydrogen bond formed by the hydroxyl groups. The p-tert-hvLtyl 
calix[5]arene has a cone-YikQ conformation, with weaker intramolecular hydrogen 
bond interactions^^. For p-rerf-butyl calix[6]arenes, two main conformations have 
been identified. In one of them, all six hydroxyl groups are on the same position 
while in the other three adjacent hydroxyl groups are situated in opposite 
positions^^.
As far as the cyclic octamer is concerned, p-tert-hyxXyl calix[8]arene is found in the 
solid state^^’^  ^in an essentially flat form, Icnown as ‘pleated-loop’ conformation.
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Melting Point of Calixarenes
Due to the presence of intermolecular hydrogen bonds between the hydroxyl 
groups, calixarenes are characterised by their high melting points. However, the 
presence of different substituents at the p-position of the phenolic ring can affect the 
melting point of the calixarenes, as reported for calix[6]arenes produced from p-n- 
alkyl-phenols (melting point 110°C)^ .^
Solubility of Calixarenes and their Derivatives
Parent calixarenes present very low solubility in water (almost insoluble) and low 
solubility in many organic solvents (Table 1.3), However, the introduction of long- 
chain alkyl groups in /^-position increases the solubility in organic solvents. 
Functionalisation of parents calixarenes can increase the solubility in organic 
solvents, such is the case for the ester and the ether derivatives^^.
Derivatisation of calixarenes can make these macrocycles soluble in water. 
Ungaro and Arduini^® reported the preparation of tetracarboxy-methyl ethers 
of p-^err-butylcalix[4]arene (Fig. 1.5a) which are soluble in water. Gutsche and co- 
workers^^ prepared a water soluble carboxyatocalix[4]arene (Fig. 1.5b). The 
functionalisation of the upper rim also confers water solubility to this receptors. This 
is the case of diethanolamine with^-sulfbnylcalix[4]arene^^ (Fig. 1.5c).
O
HO
(a)
OH
OH
(b)
Fig. 1.5. Water-soluble calixarenes
OHHO
o —s ~ o
OH
(c)
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Table 1.3 Solubilities of p-tert-butylcalix[n]arenes (n = 4, 6 , 8) in various solvents at 
298.15 K’‘
solvent p-tert- 
butylcalix[4]arene 
(mol dm'^)
p-tert- 
butylcalix [6] arene 
(mol dm'^)
p-tert~ 
butylcalix[8]arene 
(mol dm’^ )
MeOH 5.90 X  10"" - < 10"’
Eton 3.30 X  10-^ - < 10"’
DMF 1.10 X  10’^ - 2.20 X  10'^
MeCN 4.73 X  10'^ - 1.68 X  10’’
CHCI3 4.34 X  10’’ - 6.23 X  10'^
PhCN 9.47 X  10-^ 5.55 X  10'^ 1.14 X  10'^
n-Hex 2.12 X  10"^ - 2.51 X  10'^
PhNOi 1.83x10’^ 2.26 X 10'^ 2.57 X  10’’
NMR spectra
Because of the symmetry of the cyclo-oligomers, their spectra, regardless of ring 
size, are not complex. In the case of p-tert-huXyl compounds NMR spectra 
consist of four resonance lines arising from the aromatic carbons, one from the 
methylene carbons and two from the tert-hvXyX carbons.
The NMR spectra of the symmetrically substituted calixarenes are similarly 
uncomplicated. For the /?-rer/‘-butylcalix[4]arene at room temperature the 
resonances from the aromatic protons, the tert-bntyl protons and the hydroxyl 
protons are singlets and those from the methylene bridge protons appeal' as a pair of 
doublets which are generally the most useful aspect of the spectrum. However, this
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applies to the calixarene in a ‘cone’ conformation. In the 1,3-alternate conformation 
all the signals appear as singlets. However in the partial ‘cone’ conformation, the 
tert-hutyX group shows three singlets, two pairs of doublets are found for the 
methylene bridge protons and two singlets and two doublets or four singlets have 
been reported for the aromatic protons. For the 1, 2-alternate conformation, the 
spectrum shows one singlet and two doublets and two singlets for the f-butyl, the 
methylene bridge and the aromatic protons respectively^^.
It was first shown by Kâmmerer^^ that the spectrum of a calix[4]arene in 
chloroform at 20°C displays a pair of doublets which collapse to a singlet when the 
temperature is raised to 60°C. Ungaro and coworkers’  ^ assigned the higher field 
doublet to the equatorial protons (closer to the aromatic rings) and the lower field 
doublet to the axial protons (closer to the hydroxyl groups).
The ^H NMR characteristics for calix[8]arenes are similar to those of the 
calix[4]arenes in non-hydrogen bonding solvents. However differentiation between 
the calix[4] and [8]arenes can be achieved by studying the signal from the bridging 
methylene protons. In solvents which do not interfere through intramolecular H- 
bonding, such as deuterated chloroform, the coalescence temperature (Tc) was 
found to be approximately 48°C for both calixarenes, while in pyridine, the Tc for 
the calix[4]arene is lowered to about 15°C and that for calix[8]arene falls to about -  
93 C. This is believed to be due to the intramolecular H-bonding disruption caused 
by the solvent.
Calix[n]arenes (n — 4,5,8) all display a pair of doublets for the bridging methylene 
hydrogens in non-polar solvents at 298 K. However, X-ray crystallographic data 
show that in the solid state, calix[4]- and -[5]arenes exist in the ‘cone’ conformation 
while the calix[8]arene in a ‘pleated loop’ conformation, in which, the alternating 
up-down arrangement of the aryl units confers non-equivalence on the methylene 
hydrogens. At low temperatures, calix[6]arene shows three pairs of doublets for the 
methylene hydrogens., indicating that in solution the conformation is less
29
Chapter 1: Introduction
symmetrical than in the solid state. As far as calix[7]arenes are concerned, these 
macrocycles have even more complicated spectra and show at least six non­
equivalent methylene protons due to their flexibility which led to this lack of 
symmetry relative to other calixarenes.
Infrared spectra
The low frequency of the stretching vibration of the OH groups shows a particular 
distinctive feature of calixarenes. This low frequency which ranges from ca 3150 
cm'* for the cyclic tetramer to ca 3300 cm'* for the cyclic pentamer with other 
oligomers falling between these limits, is attributed to the very strong 
intramolecular hydrogen bonding in the calix[4]-, -[6]-, and -[8]arenes. The 
calix[5]arene possesses a more open ‘cone’ conformation than the calix[4]arene, 
and the calix[7]arene possesses the interrupted pleated loop conformation as 
observed in calix[8]arene. As a consequence they are somewhat more weakly 
intramolecularly hydrogen-bonded. Tobiason and coworkers^"* using FTIR 
measurements confirmed the intramolecular character of the hydrogen bonding and 
showed that it is strongest for the cyclic tetramer and weakest for the cyclic 
pentamer.
The ‘fingerprint’ region of the IR spectra of calixarenes all looks quite similar to 
one another, especially between 1500 and 900 cm'*. In the 500-900 cm"* region, 
however, there are some pattern variations that might be useful as a characterisation 
tool.
Ultraviolet spectra
The ultraviolet spectra of calixarenes have a pair of absorption maxima near 280 
and 288 nm. The ratio of the intensity at these two wavelengths is a function of ring 
size, ranging from 1.3 to 0.75 for the calix[4]arenes and calix[8]arenes respectively 
as shown in Table 1.4.
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Table 1.4 Absorptivities (Smax, 
dioxane at 280 and 288 nm.
mol"^  dm  ^ cm^) of calixarenes in chloroform and
R group Ring
size
280 ± 1 nm 288 ± 1 nm Solvent
All ^gr^-butyf^ 4 9,800 7,700 CHCls
All methyf ^ 4 10,500 8,300 Dioxane
Me & tert-'hutyX'^ 5 14,030 14,380 Dioxane
All tert-h\xty)J^ 6 15,500 17,040 CHCI3
Me & tert-huty^'’ 6 17,210 17,600 Dioxane
All tert-huiyXJ^ 7 18,200 20,900 CHCI3
Me & tert-bvXy^^ 7 19,800 20,900 Dioxane
All tertAmtyX^^ 8 23,100 32,000 CHCI3
1.6.3 Calixarene derivatives
Calixarenes are particularly attractive macrocycles to interact with different 
species (ions and neutral species) due to their chemical architecture. Some 
characteristics of calixarenes which explain why they can be used as platforms to 
design ligands for individual applications are now presented.
i) Calixarenes present two potential sites of interaction; the lower rim 
(hydrophilic cavity) and the upper rim (hydrophobic cavity), which can be 
independently modified to interact with different species.
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it) They present different cavity size for the encapsulation of ions and neutral
species.
Hi) Separate chemical modifications on each rim can be used to incorporate
ligating groups on one rim and groups that can confer desired solubility 
characteristics on the other.
iv) The selective incorporation of different functional groups on each rim can
be used to immobilise calixarenes in a solid matrix in one rim while the 
other rim is designed to selectively interact with a desired species.
As stated before calixarenes can usually be synthesised with tertAmtyX groups on 
the para position of the phenolic rings in order to facilitate the condensation 
reaction at the ortho positions of the phenol. In this way the formation of non­
desirable polymers is prevented. However, the production of calixarenes without 
any substituent at the para position, can be easily achieved by removing these 
groups from the para substituted calixarenes with aluminium chloride^ '^^ .^ These 
calixarenes can then be used to prepare a broad range of derivatives. The 
modification of the upper rim can be used to prepare ligands that are soluble in 
water (Fig 1.5b) or to effect their immobilisation on polymeric supports.
Besides fuctionalisation at the upper rim, calixarenes can be modified at the lower 
rim due to the presence of the hydroxyl groups in this rim. This functionalization 
opened the possibility for the synthesis of a series of derivatives such as esters (a), 
ketones (b), amides (c), amines (d) and others (Fig. 1.6).
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O
*
O O
(a) (b) (c) (d)
n =4, 6, 8
Fig. 1.6 Calixarene derivatives (a) ester, (b) ketone, (c) amide and (d) amine
The presence of different donor atoms in the calixarene structure gives them 
special characteristics such as selectivity. Calixarene derivatives containing hard 
donor atoms, like oxygen, strongly interact with alkali and alkaline-earth metal 
cations while calixarenes with soft donor atoms (sulphur) show higher selectivity 
for soft metal cations such as mercury (II) and cadmium (II).
McKervey^®’^ ^ and Ungaro^®’^ ’^^  ^ reported the synthesis of calixarene derivatives 
containing oxygen as donor atomos, while Danil de Namor and co-workers "^*'^  ^
have reported calixarene derivatives with amino functional groups at the lower 
rim. The latter functional groups are suitable for interaction with toxic metal 
cations (Cd^+, Pb^ '*' and Hg^^.
Calixarenes containing phosphorus as soft donor atoms have been shown to 
complex transition metal cations^^.
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1.6.4 Industrial applications of calixarenes
Due to the novelty of the whole field, it is not possible, however, to cover all 
industrial processes. A good account on the industrial uses of these macrocycles 
has been given by Perrin^^. However in the past few years several patents have 
been published. Some of these applications are discussed as follows,
i) Blanda and Adou®  ^ reported the synthesis of thi*ee vinyl co-polymers 
containing calix[4]arenes with ethoxy ethyl groups in their lower rims. These 
have the ability to interact with neutral and ionic species. A representative co­
polymer is shown in Fig. 1.7.
Ï-c—c-H, H /m  H,-c—C-
IÇH.
ÇH,OCH^
R^-CH^CHyOCH^CH]
Fig. 1.7. Co-polymers containing calixarenes as a metal extracting agent
ii) Izatt^^ reported the use of parent calixarenes for the recovery of caesium fiom 
nuclear waste solutions. The rate of transport of this system for caesium 
appears to be 100 times higher than for any other alkali (L f, N a \ K^) or 
alkaline-earth (Ca^^ and Sr^^) metal cations using aqueous metal hydroxide.
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Hi) The property of calixarenes to interact with neutral organic molecules has been 
used by Perrin^® to separate isomeric xylenes. The most remarkable results 
concern the specificity of /?-isopropylcalix[4]arene for />-xylene as well as that 
of p-isopropyl bis-homooxacalix[4]arene for o-xylene.
iv) Shinkai et af^  reported a series of calixarenes able the recover uranium (Fig. 
1.8). The hexacid derivative is the most effective extracting agent among the 
modified calixarenes. It extracts high percentages of uranium (~ 99 %) in the 
water-dichloromethane solvent system.
HO
Fig. 1.8. The calixarene hexaacid used for the selective extraction of uranium 
from aqueous solution^^
v) The ability of ester, ketone and amide calixarene derivatives to selectively 
extract alkali metal cations has been investigated by McKervey and 
CO workers^' and by Ungaro and coworkers^^. The introduction of nitrogen 
donor atoms and carboxylic acids (mixed pendant arms Fig. 1.9 a) at the lower 
rim led to the selective extraction of transition and heavy metal cations. The 
extraction of metal-ion picrates from aqueous solutions to dichloromethane 
using tetradiethylacetamide calix[4jarenes (Fig. 1.9 b; R=C2Hs) and its 
thioamide analogue (Fig. 1.9 c; R=C2H5) was investigated by McKervey and
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co-workers. Thus /?-fer^-butylcalix[4]arene tetradiisopropylacetamide was 
shown to have extracting ability to remove Pb^  ^from aqueous solution into the 
organic phase. Danil de Namor and co-workers carried out extensive studies on 
the factors contributing to the extraction of cations by calixarenes^^’^"^.
1
HO O
(a) (b) (c)
Fig. 1.9. Calixarene derivatives able to extract metal cations from aqueous 
solutions
vi) Lower rim calix(4)arene derivatives containing ester and ketone functional 
groups in their pendant arms have shown selectivity for sodium relative to 
other metal cations and therefore these have been used for the design of ion 
selective electrodes by Diamond and co-workers^^. PVC based membrane 
electrodes containing tetramethyl and tetraethyl esters as well as tetramethyl 
and f-butyl ketones are at least hundred times more selective for sodium than 
lithium, potassium, caesium and calcium. Calixarenes containing soft donor 
atoms such as sulphur donor atoms in thioethers^^ (Fig. 1.10) and thioamides^^ 
have shown to be good receptors for silver and lead and therefore these ligands 
have been used for the preparation of ion-selective membranes for these 
cations^ '^^ .^
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OH
Fig. 1.10. The calixarene thioether derivative selective for Ag (I).
vii) Calixarene-based compounds have shown anti-bacterial, anti-fungal, anti­
cancer, anti-viral and particularly anti-HIV activity^ ®®. AZT (3’-azido, 2’, 3’ 
dideoxythymidine) is probably the most widely used compound to combat the 
HIV virus by inhibiting its function. Thus physical properties such as low 
water solubility for drug absorption, compound stability, toxicity and the virus 
ability to become drug resistant, have led to simpler and cheaper alternatives.
via) Calixai'enes can be used for many other purposes for example as antioxidants
for organic polymers. Seiffarth and co-workers^®  ^ have shown that non­
modified calixarenes were efficient inhibitors of polyolefin oxidation. Another 
application of calixarene derivatives is their use as catalysts in hydi’olysis 
reactions or in making stable monolayer films which were found to be hard 
and heat resistant^
1.7 Interaction of Calixarenes with Amines
Izatt et a f^  reported for the first time the ability of calixarenes to selectively 
transport univalent cations from aqueous alkaline solutions to membrane-like 
solvents. This process involves the formation of a metal-ion calixarenate and the 
release of a proton. In 1985 for the first time, Bauer and G utscherepo rted  the
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interaction of calixarenes with amines. They found a similar type of process. The 
interaction was performed between p-allylcalix[4]arene (Fig. 1.11a) and tert-hutyl 
amine (Fig. 1.1 lb) and was investigated by the use of the NMR technique.
The observation of the *H NMR spectrum of the mixture of p-allylcalix[4]arene and 
fcr^-butylamine in deuterated acetonitrile showed differences in the proton 
chemical shifts relative to those of the pure compounds^® .^ Thus the shifted 
downfield resonance of the amine protons in the presence of the calixarene, 
suggested that an exchange between the amine group and the hydroxyl protons of 
the calixarene was taking place.
CH,
H3C—  Ç — CH3
NK
(b)
Fig. 1.11 (a) /7-allylcalix[4] arene and (b) tert-butylamine
To corroborate this conclusion, ^gr^-butylamine was mixed with picric acid and p- 
allylcalix[4]arene with NaOH observing downfield shifts for all the protons in a 
similar pattern to those obtained with amine-calixarene interactions.
It was found that the solvent plays a significant role in the calixarene-amine 
interactions. Thus experimental work carried out in dipolar aprotic solvents 
(acetonitrile and acetone) led to large downfield shifts of the amine protons as 
compared with the small changes obtained when the reaction was carried out in 
non-polai’ solvents (chlorofbrm)^^ Bauer and Gutsche'^"  ^ on the basis of NMR 
studies suggested that in dipolar aprotic media the reaction proceeds with a proton
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transfer from the calixarene to the amine to give a calixarene anion and an 
ammonium cation followed by the formation of an endo-calix (ion-pair) complex.
Following their previous paper, Gutsche et al^^  ^ studied the interaction of different 
calixai'enes and amines in acetonitrile by the use of NMR and UV techniques.
The proton transfer (Kp) and the ion-pair (Ka) were defined as
ArOH  + R ,N — ^-.> ArQ-' + R,NH^ (1.1)
ArO~ + R,NH^ ArO~ • • HNR, (1.2)
Gutsche et al^^  ^in the interpretation of UV spectral measurements indicated that the 
shifts observed appear to arise primarily as a result of the first step (eq 1.1), while 
NMR measurements assess the net result of both steps (eqs 1.1 and 1.2).
Proton chemical shifts and relaxation time values were reported for the amines and 
the calixarenes in CD3CN solutions at 298 and 243 Downfield shifts were 
obtained for all the amine resonances, being interpreted as a measure of the extent 
of the proton transfer process from the phenol to the amine.
More experiments were carried out with different calix[4]arenes and phenols and 
rer^-butylamines in acetonitiile, suggesting that all of them interact with the amine. 
However, some compounds required a large excess of the amine to cause a shift of 
the same magnitude as that obtained with j)-allylcalix[4]arene^^'*
Studies on />-allylcalix[4]arene and different amines led to significant differences in 
the strength of the interaction between these amines and the calixarene which was 
attributed to different factors
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Dissociation constants for the calixarenes in the presence of amines were obtained 
by UV measurements in acetonitrile^^^, literature values are shown in Table 1.4
Table 1.4 Overall association for calixarene-amine interactions in 
acetonitrile at 298 K
rer^-butylamine Mco-pentylamine
/?-allylcalix[4]arene 1.3 X  10“ 9.7 X  10*
/?-tert-butylcalix[4]arene 2 ,2 x  10“ 3.0 X  10“
/?-teit-butylbishomooxa-
calix[4]arene 2.0 X  10“ 2.4 X  10*
/?-tert-butylcalix[6]arene 3.7 X 10* 8.0 X  10*
Bohmer and Vicens’  ^ reported the formation of an ion-pair adduct from the 
interaction of triethylamine with calixarenes containing a /?-nitrophenol unit in 
dioxane. The stability constants for the adduct formed between the cyclic tetramer 
and the corresponding linear trimer with triethylamine in dioxane at 298 K were 
similar, indicating that the strength of the interaction in both cases, are quite similar. 
Therefore the formation of the endo-calix complex does not occur in dioxane. These 
findings aie in agreement with the fact that in solvents of low dielectric constant 
such as dioxane, most of the species in solution are to be found as ion-pairs.
In 1991 Gormar and co-w orkersreported UV spectrophotometric studies on the 
interactions of p-tert-butyl calix[4]arene (n = 4, 8) and different cyclic amines, 
including diamines, in acetonitrile. The formation of 1:2 amine-calixarene 
complexes with diamines was also reported. A series of stability constants was 
listed by these authors, but no indication was given about the process to which the 
data referred.
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Danil de Namor and co-workers reported in a chemical communication the 
interaction of calix[8]arene with cryptands in benzonitrile highlighting the 
formation of new electrolytes by proton transfer reaction from the calixarene to the 
amine. They also reported the equilibrium data for the interaction of calix[8]arene, 
{Calix^) and cryptand 222, {Cry222) in benzonitrile {s) log Ks (eq 1.3), the 
dissociation of the resulting electrolyte log Ka (eq 1.4) and the log Kp which result 
from the combination of eqs 1.3 and 1.4, (eq 1.5).
Calix?.{s) + Cry222(s) ^ ^[CalixrCry222H*](j) (1.3)
logic[Calixi- Cry222H*]{s) ^  '• C alixr  (i')+ Cry222H* (i) (1.4)
logic
Calixÿ(s) + Cry222(s) C alixr  (f) + Ciy222H* (s) (1.5)
They also reported the first calorimetric results in calixarene chemistry involving 
neutral molecules (Table 1.5). Thermodynamic data for the interaction of p~tert 
butyl calix[8]arene and cryptand 2 2 2 , cryptand 22  and triethylamine are also 
included in this Table.
Table 1.5 Thermodynamic data for the interaction of p-tert-hntyi calix[8]arene 
and amines (cryptand 222, cryptand 22 and triethylamine) in 
benzonitrile at 298.15 K
Amine log Ks AcG’’ (kJ mol"^ )
AcH" 
(kJ mol^)
AcS” 
(JK   ^mol *)
Cry 222 3.84 -21.92 -57.29 -118.6
Cry 22 3.15 -17.98 -37.34 -65.0
EtsN 3.97 -22.66 -34.50 -39.7
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In 1993, Danil de Namor and co-w orkersreported the equilibrium constants of 
the interaction of calix[n]arenes (n = 6, 8) and several amines derived from 
conductance measurements. In doing so, it was stated that two non-conducting 
species (calixarenes and amines) interact via a proton transfer reaction to form a 
new electrolyte. A mathematical treatment to calculate equilibria data for the 
formation of the calixarene-amine adduct (eq 1.6), the ion-pair formation constant 
(eq 1.7) and the 1:1 proton transfer reaction between the parent calixarene and the 
amine (eq 1.8) was reported.
Calix{n){s) + ^ (5) :^=^=±[^JT^Cû(/zx(7î)~](5') (1.6)
AH* W  + Calix{n)-{s) , ^[AH*Calix(ny ](j) (1.7)
CaîixÇ^nXs) + ^ ( j)  ;;z.——± Calix{n) + AH* {s) (1.8)
Thus, the equilibrium constant for the calixarene-amine adduct was defined as
^  [AH*Calix{n)-\{s) 
'  [C67/i%(M)](.y)[^](.y)
and the ion-pair (association) constant, Ka was expressed as follows (eq 1.10)
K [AH*Calix{n) ](f) ^
Therefore the calculation of the equilibrium concentrations of the free anion (or 
cation) in solution was obtained from eqs 1.9 and 1.10 leading to a fourth order 
equation.
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Using the conductance data, the limiting molar conductivities A " , (S. cm^mol'*), 
the adduct, association and proton transfer constants were calculated (Table 1.6)
Table 1.6 Limiting conductivities A®, of calixarene salts of protonated amines and 
equilibria data of p-ter^butylcalix[n]arene (n = 6, 8) and amines in 
benzonitrile at 298.15 K derived from conductance data
Calix[8] Calix[6]
amine - A”S cm^ mor^ logKs log Ka logKp A”S cm^ moU logKs log Ka logKp
Cry22“ 23.03 3.24 2.62 0.62 23.86 3.04 1.88 1.16
Atro­
pine 19.04 3.29 2.87 0.42 - - - -
Cry222"' 24.37 3.70 2.52 1.18 24.70 3.18 1.73 1.45
EtaN 30.66 3.98 3.23 0.75 31.07 3.19 2.44 0.75
" Cryptand 22, Ciyptand 222.
The limiting conductivities values of the new electrolytes (amine:calixarene) 
reported by Danil de Namor and co-workers were about half of the values reported 
for common electrolytes. These were attributed to the size of the ions of the 
calixarenate (relatively large). It was also highlighted that for a given calixarene, 
the resulting electrolyte has a common anion, the difference in the A° values aie the 
result of the different ionic contributions of the cations (protonated amine) which 
are determined by the different degrees of solvation of these cations in this solvent.
1.8 Attachment of Calixarenes to Solid Supports. New Materials
In recent years, the tendency to use mechanically stable synthetic or natural solid 
matrices in many applications, (chromatography, extraction of metal cations from 
aqueous and non-aqueous solvents, catalytic or ion-exchange reactions, ceramics 
and bio-engineering) has increased significantly. One of the important applications
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is that related to the adsorption of trace elements onto solid s u r f a c e s E f f i c i e n t  
extraction of trace substances by a small volume of an organic solvent from a large 
volume of aqueous solution, as in traditional solvent extraction, is troubled by the 
mutual solubility of both phases due to the difficulties in their separation^
Ion-exchange materials are frequently used for separation rather than pre- 
concentration^^^ of metal ions, but the sensitivity of the analysis decreases due to 
the fact that the loaded ions have to be eluted.
These facts led to the development of solid-phase extraction methods by modified 
solids for the pre-concentration of ions to levels at which these can be quantitatively 
analysed.
Methodologies involving impregnated resins and chelating agents for the extraction 
of ions from aqueous solutions and wastewater have been used^^ .^ The chelating 
groups can be impregnated into the pores or covalently bonded onto the surface of 
the solid material.
There are several reviews about chelating polymers (Fig. 1.11) and their use in 
separation or concentration methods^ It is important that the selectivity of the 
chelating-material is greater than that of the traditional type of ion-exchanger.
NHg
o
Fig. 1.11. Carboxyhydrazine modified silica
The insertion of specific functional groups into polymeric resins makes them able to 
react with ions species^to form complexes (Fig 1.12). However organic polymeric
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resins present some problems such as slow kinetics, iiTeversible adsorption, 
swelling, loss of mechanical stability. These disadvantages led to suggest the use of 
inorganic supports such as activated carbon, sand, clay, zeolites and silica among 
other solid supports as alternatives to polymeric resins** .^
Xt'
ho"R I "
.OH
OH
Fig. 1.12, Merrifield chloromethylated resin-(dimethyl aminophosphono- 
methyl)-phosphonic acid employed for the pre-concentration of 
U(VI), Th(IV) and La(III) from acidic and environmental samples
Some of the advantages of the inorganic supports are: i) good selectivity, ii) no 
swelling, Hi) rapid sorption of ions and iv) good mechanical stability.
The inertness of inorganic matrices made difficult the direct attachment of the 
chelating groups, however, this problem was overcome after surface 
activation/modification^^^. The modification of the matrix surface by 
immobilisation of functional groups provides the opportunity to build chelating- 
materials without affecting their basic properties. (Fig. 1.13)
Ii ^Si-O
H
Fig. 1.13. Modification of the matrix surface by an organic functional group
Matrix modification can be achieved by physically absorbing or chemically grafting 
functional groups onto the matrix surface. Among these two methods, chemical
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grafting offers the advantage of preventing the detachment of the molecule fi*om the 
solid support due to the strong covalent bond between the receptor and the matrix 
surface^
Ligands with the ability to form complexes with metal ions in solution grafted onto 
a suitable solid support play an important role in the pre-concentration and on the 
separation of analytes.
There are many reports about the immobilisation of modifiers onto solid matrixes 
such as activated carbon, sand, clays, zeolites, metal oxides and s i l i c a / S u c h  
immobilisation depends on substitution reactions between the modifier and the 
sui'face of the solid support.
Among the different solid supports, silica gel has gained great attention. The 
immobilisation of organic groups on the siliceous surface has produced a variety of 
modified silica. In this process, organic reagents containing the appropriate 
functional groups are directly attached to the support or a sequence of reactions to 
increase the main chain where other functional groups can be added. The advance 
in this field is associated with the silylization process (Fig. 1.14) which is used to 
allow the coupling of a reagent with a pre-determined group. Silane interacts with 
the silica surface forming covalent bonding. Thus the silica surface is converted to a 
new organo-functional surface which acquires organo-philic properties'^®.a
"’" n
(a) (b)
Fig. 1.14 Organic groups attached to silica surface (a) 4-(-pyridazo)resorcinol 
via Mannich reaction^^  ^and (b) 5-amino l,3,4-thiadiazole-2-thiol via 
silanization^^^
The systematic use of silica to immobilise organo-functional groups has increased 
in the past three decades due to the pronounced advantages of this approach over
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other organic or inorganic supports. Advantages aie Î) immobilisation on silica 
results in a great variety of silylating agents, //) attachment of the functional groups 
on the silica surface is easier than on other materials Hi) silica is the most popular 
substrate due to its commercial availability /v) silica does not swell, has a great 
resistance to organic solvents and possesses a very high thermal resistance.
1.8.1 Silica Surface Functionalisation
Silica is a polymer of silicic acid, consisting of inter-linlced molecules of Si04 
(tetrahedral). Silica gel is a porous material of granular form. It is synthetically 
manufactured from sodium silicate^^^ or silicon tetrachloride. (Fig. 1.15)
Na O ^ i',Q  tMa^  Cl— Si.,Q,
ONa Cl
Sodium silicate Silicon tetrachloride
Fig. 1.15. Synthetic precursors of silica gel
The sol-gel route is a versatile method for the synthesis of silica^ "^^  in which 
hydrolysis of sodium silicate in the presence of an acid or a base produces Si-(0H)4 
entities, controlling the condensation become sol. (Scheme 1.3)
r °
Scheme 1.3. Synthetic pathway of silica from alkylsilicates.
The active silica surface with a large specific surface area is of great importance, 
the silanol groups could be i) isolated, when the surface silicon atom has three
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bonds into the bulk structure and the fourth one consists of a free OH as shown in 
Fig. 1.16(a), ii) vicinal when, two isolated silanol groups attached to different 
silicon atoms are bridged by hydrogen bonds, Fig 1.16(b) and in) geminal, which 
consists of two silanol groups attached to one silicon atom. Fig. 1.16(c).
I s o la te d  S ila n o l V icinal S ilan o l
(a) (b)
G e m in a l S ila n o l 
(c)
Fig. 1.16. Different arrangements of silanol groups on the surface of silica gel
In an attempt to estimate the number of silanol groups, Farias and Airoldi*^  ^
developed a thermogravimetric method. In this method, the water adsorbed on the 
silica surface was not considered. These authors reported that the number of silanol 
groups in the structure of silica gel may range from 4.3 to 6.7 OH per nm^
Three frmdamental parameters (specific surface area, specific pore volumen and 
particle size) were considered enough for the physical characterisation of the silica 
surface. Exact knowledge of the specific surface area of silica gel is essential to 
establish the concentration of the reactive surface. Pore size gives a deeper insight 
on the availability of reactive silanol g r o u p s T h e  silica surface is a major factor 
contributing to separation techniques such as chromatography. It was stated that the 
geometry of the surface defines the accessibility of the adsorption sites, mainly 
surface hydroxyl groups seem to be responsible for the adsoiption properties of 
silica^
Reactions of silanol groups on the silica surface with the aim of modifying the 
silica’s surface forming covalent bonds have been extensively studied^^®. The 
organic compounds on the surface are usually quantified by classical methods such
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as microanalysis^^® or by analysing the analyte on the support from the 
concentration of the non-adsorbed organic molecules in the mother solution.
Modification of the silica surface relates to all the processes leading to changes in 
the chemical composition of the surface. The surface can be modified by physical 
or chemical treatment. Modification of the surface of silica affects significantly the 
adsorption of the material. Chemical modification can be achieved by two main 
processes, organo-functionalisation where the modifying agent is an organic group 
(Fig. 1.17) or inorgano-functionalisation where the group anchored is an organo- 
metallic compound or metallic oxide.
OH
M eO —S i—OM e
SH
3-mercaptopropyl-
triethoxysilane
SH
Mercapto silica
Fig. 1.17. Modification of the silica surface by silanisation procedure
Organic molecules can be grafted onto the silica surface by the silanisation 
process'^^ which involves covalent bonding, in which the active hydroxyl group on 
the surface of silica gel reacts with organosilyl groups to confer some organic 
nature to the inorganic matrix of silica ge/^^ (Fig. 1.17). The advantage of 
immobilising a desired organic compound onto the silica gel is of the great 
versatility arising from the various functionalities of the bonded groups and their 
resistance to be removed from the surface by organic solvents or water.
1.8.2 Uses of Silica Modified by Chelating Agents.
49
Chapter 1: Introduction
1. Jal and co-workers reported the extraction of from a mixture of several 
metal ions in aqueous medium using a chemically modified silica gel with 
carboxyhydrazine. They also reported that this material can be used to extract 
Hg^  ^from aqueous solution.
2. Chemically modified silica gel with benzimidazole was used to pre­
concentrate metal ions fr om a methanolic solution^
3. Silica bonded calixarenes used for the separation of amino acids and esters 
have been described by Glennon and co-workers
4. Li and c o - w o r k e r s h a v e  prepared a sol-gel-coated calix[4]arene fiber for 
the solid-phase extraction of organo chlorinated pesticides from water samples 
(Fig. 1.18).
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Fig. 1.18 Calix[4]arene derivative coated onto silica support used for the 
extraction of chlorinated pesticides from water samples.
AIMS OF THE THESIS
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From the above review it can be concluded that calixarenes are ideal platforms for the 
design of receptors able to interact with ionic and neutral species. Depending on the type 
of functional groups at the lower or upper rim, calixarene derivatives have different 
complexing properties. The hunt for receptors capable of interacting selectively with 
neutral and ionic species is one of the main motivations for the development of 
Supramolecular Chemistry. Another important issue is to obtain information regarding 
the thermodynamics associated with the interaction of macrocycles and guests in 
different solvents.
Another property of the calixarene platforms is their ability to be functionalised at the 
upper rim with appropriate groups and therefore to be immobilised on a solid matrix as 
silica gel, or clays and make this material recyclable and environmentally friendly. 
Consequently the aims of this thesis are:
i) To search for a receptor with the ability to interact with acid herbicides,
determine the solution properties of the macrocycle ligand and its strength of 
interaction with these species.
ii) To develop a mathematical method for the calculation of the proton transfer,
association and adduct formation constants from the resulting process of the 
ligand-acid herbicide interaction.
Hi) The introduction of this receptor to an appropriate solid support followed by
the determination of the properties of the modified material.
A schematic representation of the research programme planned to achieve these
objectives is outlined.
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Chapter 2: Experimental Part
2 Experimental Part
2.1 Reagents
The chemicals used during the course of this research, abbreviations and sources are 
given as follows:
- Solvents:
- Acetonitrile, (MeCN), Fisher Scientific, HPLC grade, 99.99 %.
- Benzonitrile, (PhCN), Fisher Scientific, HPLC grade.
- Chloroform, (CHCI3), Fisher Scientific, Reagent grade, 99 %.
- Dichloromethane, (CH2CI2), BDH, Reagent grade, 99 %.
- N,N-Dimethylformamide, (DMF), Fisher Scientific, Reagent grade, 99.99 %.
- Ethanol, (EtOH), Hayman Limited, 99.98 % v/v.
- Ethyl acetate, (EtOAc), Fisher Scientific, Reagent grade, 99 %.
- n-Hexane, (n-Hex), Fisher Scientific, Reagent grade.
- Methanol, (MeOH), Fisher Scientific, HPLC grade, 99.99 %.
- Tetrahydrofurane, (THF), Fisher Scientific, HPLC, 99.99 %.
- Toluene, (PhCHs), Aldrich, Reagent grade, 99.99 %.
- Solvents used in NMR experiments
- Deuterated acetonitrile, (CD3CN), Aldrich.
- Deuterated chloroform, (CDCI3), Aldrich.
- Deuterated methanol, (CD3OD), Aldrich.
- Tetramethylsilane, (TMS), Aldrich.
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- Acid Herbicides (acids):
- 2,4-Dichlorophenoxyacetic acid, (2,4-D), Aldrich, 98 %.
- 2,4,5-Trichlorophenoxyacetic acid, (2,4,5-T), Aldrich, 97 %.
- 2-(2,4-Dichlorophenoxy)propionic acid, (DP), Aldrich, 95 %.
- 2-(2,4,5-Trichlorophenoxy)propionic acid, (2245-T), Lancaster, 97 %.
- 4-(2,4-Dichlorophenoxy)butyric acid, (BU), Aldrich, 95 %.
- 2,3,6-Trichlorophenylacetic acid, (2,3,6-T), Lancaster, 97 %.
- 1-Naphthalene acetic acid, (NA), Aldrich 98 %.
- Herbicides (Salts).
- Prepared at the Thermochemistry Laboratory. (See Section 2,3)
- Analytical Reagents:
- Hydrochloric acid, (HCl), Fisher Chemicals, 0.1 M standard solution.
- Potassium chloride, (KCl), Fisher Chemicals, analytical reagent grade, 99.74 %.
- Sodium Hydroxide, (NaOH), Fisher Chemicals, 0.1 M standard solution.
- Tris(hydroxymethyl) aminomethane, (THAM), Sigma, 99 %.
- Reagents used in Synthesis: were used without further purification.
- Aluminium chloride, (AICI3), Sigma-Aldrich, 99.99 %.
- 3-(aminopropyl)trimethoxy silane, (ATS), Fluka.
- Benzophenone, ((C6Hs)2CO), Aldrich, 99 %.
- p-tert-B\iiy\ calix[4]arene, (C4A), Aldrich.
- Calcium chloride, (CaCU), Fisher Scientific, general purpose grade.
- Calcium hydride, (CaH2), Aldrich, 95 %.
18-Crown-6, (18C6), Fluka, 99 %
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- 2-diethylamino ethyl chloride hydrochloride, Aldrich, 99 %.
- ot,a-dichloromethyl methyl ether, Aldrich, 98 %.
- Magnesium sulphate dried, (MgS0 4 ) Fisher Scientific, 62-70 %.
- Phenol, (PhOH), Aldrich, 99 %
- Potassium carbonate anhydrous, (K2CO3) Fisher Scientific, 99.99 %.
- Potassium hydroxide, (KOH), Fisher Chemicals, Analytical Reagent, 87.47 %
- Silica gel 60, Fluka, 0.035-0.070 mm.
- Sodium cyanoborohydride, (NaBH3CN), Aldrich, 97 %.
- Sodium hydride, dry, (NaH), Sigma-Aldrich, 95 %.
- stannic chloride solution, (SnCl,), Aldrich, 1 M solution in dichloromethane.
2.2 Purification of Solvents
Chloroform, n-hexane and ethyl acetate were used without further purification.
Acetonitrile^^^ was placed over CaHz in a round-bottomed flask fitted with a reflux
condenser protected by a drying tube containing CaClz. The mixture was refluxed
under a nitrogen atmosphere. The middle traction of the distilled solvent was 
collected and used.
Tetrahydrofiiran^^®, was refluxed over KOH for two hours and the refluxed solvent 
was transferred to a round-bottomed flask charged with metallic sodium and 
benzophenone. The mixture was refluxed under a nitrogen atmosphere. The middle 
fraction of the distilled solvent was collected and used.
Dichloromethane*^®, was dried first over CaCl] and then transferred to a round- 
bottomed flask fitted with a reflux condenser protected by a drying tube containing 
CaCl2 and charged with CaHg. The mixture was refluxed for two hours. The middle 
fraction of the distilled solvent was collected and used.
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Toluene"*", was treated with anhydrous CaCk, filtered and then placed over 
metallic sodium in a round-bottomed flask fitted with a reflux condenser protected
by a drying tube containing CaCb and refluxed for two hours. The middle fraction 
of the distilled solvent was collected and used.
N, N-dimethylformamide'"' was dried using Type 3A molecular sieves for 72 hours 
followed by distillation under reduced pressure.
Methanol*"* ,^ was refluxed with magnesium turnings and iodine, followed by 
fractional distillation as described by Vogel. The middle fraction was collected and 
used immediately. The water content was determined by the Karl Fisher titration 
teclinique and it was found to be less than 0.02 %.
2.3 Purification of acids herbicides and preparation of the appropriate 
salts.
2,4-Dichlorophenoxyacetic acid, ,4,5-trichlorophenoxyacetic acid, 2-(2,4-dichloro- 
phenoxy) propionic acid, 2-(2,4,5-trichlorophenoxy) propionic acid, 4-(2,4- 
dichlorophenoxy) butyric acid, 2,3,6-trichlorophenylacetic acid and 1-naphthalene 
acetic acid were recrystallised from a water-methanol mixture and dried in vacuum 
before use.
The salts from the acid herbicides were prepared by adding sodium hydroxide in 
water to the corresponding acid solution until no further precipitation resulted. 
These mixtures were filtered and recrystallised from deionised water and dried for 
several days in vacuum at 60 °C
2.4. Purification of THAM.
Tris(hydroxymethyl)aminomethane (THAM)*"' was used to perform the standard 
reaction in calorimetry. This was purified by preparing a concentrated aqueous
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solution of THAM in water (close to the boiling point). To the hot solution, pure 
methanol was added. The solution under constant stirring was left to cool at room 
temperatme and then to about 3 °C. Crystals of THAM were obtained and filtered 
off. This procedure was repeated twice. Then the crystals were dried at room 
temperature for twenty-four houis and stored in a vacuum desiccator for three days.
2.5 Synthesis
2.5.1 Synthesis of 5, 11, 17, 23-tetra-^er/-bntyI-25, 27-bis(diethyi- 
amino)ethoxy-26, 28-dihydroxy calix[4]arene^^^
OH
This ligand was prepared as previously described by Villanueva-Salas at the 
Thermochemistry Laboratory^ "^ "^ .
A solution ofp-tertAmty\ calix[4]arene (2.09 g, 3.22 mmol), potassium carbonate 
(2.67 g, 19.34 mmol) and 18-crown-6 (0.26 g, 0.97 mmol) was prepared in 
acetonitrile (150 cm^) under an inert atmosphere. The resulting solution was 
stirred at 25 °C for 30 minutes. Then 2-diethylaminoethylchloride hydrochloride
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(2.22 g 12.89 mmol) was added. The subsequent mixture was stirred at 80 °C for 
6 h. The progress of the reaction was monitored by TLC (dichloromethane: 
methanol). Once the reaction was complete, the mixture was allowed to cool 
down to room temperature before the acetonitrile was removed in vacuo. The 
resulting crude mixture was extracted with CH2CI2 (100  cm^) and washed with 
water (100 cm^). The organic phase was separated and dried over magnesium 
sulphate before being concentrated in vacuo to furnish a residue (brown solid). 
The desired product was re-crystallised from the residue using methanol thus 
affording white crystals. (2.64 g, 3.11 mmol, 60% yield).
The product obtained was characterized by NMR spectroscopy.
■h NMR (CDCI3, 300 MHz) Ô (ppm) J (Hz); 7.21 (s, 2H, Ar-OH), 7.05 (s, 4H, 
Ar-H), 6.76 (s, 4M, Ar-H), 4.33 (d, 4H, J -  12.91, Ar-CHz-Ar), 4.03 (m, 4H, Ar- 
O-CH2), 3.29 (d, 4H, J = 12.91, Ar-CHj-Ar), 3.08 (t, 4H, Ar-O-CHj- CH2-N), 
2.69 (m, 8H, CH2-N(CH2CH3)2), 1.29 (s, 18H, C-(CH3))), 1.10 (m, 12H,- 
N(CH2CH3)2), 0,94 (s, 18H, € - ( ^ 3)3).
2.6 Characterization of 5 ,1 1 ,1 7 ,23-tetra-tert-butyi-25,27-bis(diethyl- 
amino)ethoxy-26,28-dihydroxy calix[4]arene
2.6.1 Solubility Measurements
For these measurements, an excess amount of the calixarene derivative was added 
to the appropriate solvent (MeCN, CHCI3, CH2CI2, DMF, EtOH, MeOH, PhCN 
and THF) in order to obtain a saturated solution. The mixtures were left in a 
thermostat at 298.15 K for several days until the equilibrium was attained. Then, 
known volumes of the saturated solution were taken and placed in previously 
weighed crucibles. The solvent was carefully evaporated. The crucibles with the 
solid residue were dried to constant weight. All analysis was performed four times 
from the same equilibrium mixture.
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Solvate formation in all solvents was tested by placing small amounts of the 
compound in a desiccator with a saturated atmosphere of the appropriate 
solvent^®*. The samples were weighed from time to time to check for any uptake 
of solvent.
2.6.2 Determination of the Standard Enthalpy of Solution
a) The Calorimeter
In this work, the Tronac 450 calorimeter was used which operates as an isoperibol 
calorimeter. It is a commercial version of the solution calorimeter originally 
designed by Christensen and Izatt^ "^ .^ It can be divided into two main parts, the 
calorimeter assembly and the electronic assembly.
The calorimeter assembly consists of a constant temperature bath with capacity of 
55 litres, a motor-driven stirrer, cooled-heated assembly and a precision 
temperature controller (PTC-40) which provides an environment of constant 
temperature for the titrant and reaction vessel (± 0.001 K). The insert assembly 
holds the stirrer, motorised burette, titrant lines, a glass vacuum reaction vessel 
(50 ml) and an electrical junction box. The reaction vessel contains a stirrer, a 
thermistor and a heater. The stirrer is a stainless steel blade assembly that holds 
the ampoule in such a way that it does not touch the wall of the reaction vessel.
The electrical assembly consists of a Wheatstone bridge, a heater circuit and a 
power supply. There are eleven heating rates available for selection (0.418 -
836.8 mJ.sec"^) using the power select switch. The bridge voltage is adjustable in 
the 1.5 -  15 V range, and it is monitored on the digital voltmeter (DVM). The 
sensitivity of the thermistor increases as the bridge voltage increases. The heating 
power of the reaction was measured directly by monitoring the voltages across the 
standard resistor and the calibration heater resistance (100.02 ± 0.01 Q at 298.15 
K) during an electrical calibration run.
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A strip chart recorder, with suitable span, is connected across the recorder 
terminals to ensure a continuous reading out of the process under investigation.
ium Motor ClKCrlCat Junction Sox
toscrt • Awnmbly Réaction Vestel Stirring Motor
Reaction Vetsci Clamp
Reaction Vessel
Gath Temperature 
Control Probe
Titrant Tuba
lath Stirring  Motor
Constant Temt Water Bath
Cooled Neater tsoperoboi Electronics
Bath Heater Transfonaer, and Cooling Water Connections
Fig 2.1 The Tronac 450 calorimeter146
b) Heat Measurements
The enthalpy of solution of a compound, AsH°, can be determined 
calorimetrically.
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To check the reliability of the solution calorimeter, the standard enthalpy of 
solution, AgH°, of THAM in an aqueous solution of HCl was determined '^* .^
For these measurements, glass ampoules were filled with THAM (0.01 -  0.07 g) 
placed in a vessel containing an aqueous solution of HCl (50 cm^, 0.1 mol dm'^) 
and when thermal equilibrium was reached, the ampoule was broken and the heat 
recorded.
To measure the enthalpies of solution of the ligand at different concentrations, 
glass ampoules were filled with accurate amounts of the ligand (0.01 -  0.0009 g) 
and sealed. These were then placed in the calorimetric vessel containing the 
appropriate solvent (50 cm^). The system was placed in a thermostat bath (298.15 
±0.01 K) until the equilibrium was reached. Then the calorimeter was allowed to 
run for a period of time in which a trace of initial slope (temperature versus time) 
was recorded on a strip chart recorded. The ampoule was then broken and the heat 
change recorded. After this, the calorimeter was allowed to run for period of time 
in which a trace of final slope was recorded.
For each solvent at least eight ampoules containing the ligand were broken. After 
each experiment, an electrical calibration was performed. The total heat was 
corrected for the heat associated with the breaking of the empty glass ampoules in 
the reaction vessel containing the appropriate solvent (50 cm^). The heat of 
solution was calculated by subtracting the heat of breaking of empty ampoule in 
the given solution from the total recorded heat.
2.7 Interaction of 5, 11, 17, 23-tetra-t^rt-butyl-25, 27-bis(diethyl 
amino)ethoxy-26,28-dihidroxy calix[4]arene with acid herbicides
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2.7.1. *H-NMR studies*'**’*'*®
*H-NMR measurements were recorded at 298 K using a Bruker AC-300 E pulsed 
Fourier transform NMR spectrometer. Typical operating conditions for routine 
proton measurements involved “pulse” or flip angle of 30®, spectral frequency 
(SF) of 300.135 MHz, delay time of 1.69 s, acquisition time (AQ) of 1.819 s and 
line broadening of 0.55 Hz. Solutions of the samples in question (9 x 10“^  -  5 x 
10"^  mol dm" ,^ ~ 0.5 ml) were prepared in CD3CN and placed in 5 mm NMR tubes 
using TMS as the internal reference.
a) Procedure^^®’^ ^^
The interaction of the ligand (5,11,17,23-tetra-fgr^-butyl-25,27-bis(diethyl- 
amino)ethoxy-26, 28-dihydroxy calix[4]arene) towards acids herbicides was 
studied in solution using the ^H-NMR technique.
*H NMR measurements were carried out by adding different concentrations of 
acid herbicide ( 3 - 5 x 1 0 ’^  mol dm" )^ into the NMR tube already containing a 
known amount of the ligand (0.5 ml, 2 -  4 x 10'  ^mol dm" )^ dissolved in CD3CN 
or CD3 OD at 298 K. Stepwise additions of varying amounts of the acid herbicide 
were made until changes in chemical shifts ceased. Proton chemical shifts of the 
free and the complexed ligand were measured^^®’*^ ^
2.7.2 Conductometric Measurements
a) Apparatus
The conductimeter is divided in two components;
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i) The Wayne-Kerr autobalance, type B642.
The conductimeter used is a Wayne-Kerr B642 Autobalance Universal Bridge for 
the measurements of impedance. The magnitude of the capacitance and 
conductance are displayed on two meters. These meters have eight decades, four 
for capacitance and four for conductance, which are operated in succession. Small 
signals are placed between the decade control loiobs to indicate the decimal 
points. The control knobs are selected automatically by operation on the range 
switch. The sensitivity of the instrument can be adjusted manually by setting the 
meter sensitivity switch to one of these positions. The accuracy of the bridge was 
found to be 0.1% and this was determined using internal sources^
The calibration of the bridge was done by the use of different standard resistances.
ii) The conductivity cell.
The conductivity cell consists of a cylindrical vessel of about 50 ml capacity 
containing a pair of black platinum electrodes which are connected to two 
external side tubes filled with mercury. Samples were injected through the small 
hole placed on the cap of the cell. Nitrogen gas was passed through prior to the 
measurements to keep the solution free of carbon dioxide.
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AC detector
Conductivity cell
Fig. 2.2 Schematic diagram of the conductivity cell in a Wheatstone bridge 
circuit.
b) Determination of the cell constant at 298.15 K
To determine the cell constant in aqueous solution, the Jones Bradshaw method 
was used.*^  ^ An aqueous solution of KCl (0.1 mol.dm'^) was injected in the 
conductivity cell containing de-ionised water as solvent at 298.15 K. By 
calculating the molar conductance Am (S. cm  ^mol ') the cell constant was derived 
using the equation of Lind, Zwolenik and Fouss'^'' (Eq 2.1)
Am = 149.43 -  96.45.c'^  ^+ 58.74.C loge + 198.4.C (2.1)
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In eqn 2.1, c (mol.dm’^ ) is the molar concentration of KCl used solution.
The molar conductance, Am is defined as follow.
Am = 1000K/c (2.2)
In eqn 2.2, K denoted conductivity and by the substitution of K = S. 0 where S (Q“ 
is the reciprocal of the resistance, the above equation takes the following form,
0 = Am c/1000 S (2.3)
From eqn. 2.3, the cell constant was calculated for the purpose of conductance 
experiments.
c) Conductance Measurements at 298.15 K
For the conductometric titrations, fresh solutions of the acid herbicide and the 
ligand were prepared in acetonitrile and methanol for each experimental run. The 
conductometric cell was filled with a Icnown amount of the acid herbicides or 
ligand (aprox. 25 ml) in methanol, acetonitrile and N,N-dimethylformamide. Then 
the electrodes were inserted into the cell. The closed system was placed in a 
thermostat bath to achieve thermal equilibrium. Accurate aliquots of the ligand or 
acid herbicide respectively were added into the cell using a hypodermic syringe. 
After equilibrium was achieved, the conductivity was measured.
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2.8 Preparation of the Solid Support
2.8.1 Synthesis of 25, 26, 27, 28-tetrahydroxycaIix[4]arene via de- 
e^r -^butylation^^^
A solution of /?-?er/-butylcalix[4]arene (5.13 g, 7.7 mmol) and phenol (4.35 g,
46.2 mmol) in anhydrous toluene (100 cm^) was stirred at 25 ° C for 30 minutes. 
Under an inert atmosphere, aluminium chloride (6.16 g, 45.2 mmol) was added to 
the resulting solution. The mixture was stirred at 60 ° C for 6 h. The reaction was 
monitored by TLC [hexane:ethyl acetate (8:2) mixture]. When the reaction was 
complete, HCl (100 cm^, 0.20 mol dm‘^ ) was added drop-wise to the resulting 
precipitate until this dissolved. The organic phase was concentrated under reduced 
pressme. The resulting solid was re-crystallised from methanol, furnishing a white 
solid. The product was dried over CaClz in vacuo at 85 ° C for 12h. (3.02 g, 7.11 
mmol, 90 % yield)
The product obtained was characterized by NMR spectroscopy.
NMR (CDCI3; 300 MHz) Ô 10.22 (s, 4H, OH), 7.07 (d, 8H, J = 7.50, Ar-H), 
6.75 (t, 4H, J = 7.20, Ar-H), 4,27 (br, 4H, Ar-CHz-Ar), 3.57 (br, 4H, Ar-CHz-Ar).
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Elemental analysis was carried out in duplicate at the University of Surrey and the 
found results were in reasonable agreement with the calculated values as shown 
below.
1
Calculated %:
Found % (1): 
Found % (2): 
Average %:
C = 79.23, H = 5.70 
C = 79.05, H = 5.57 
C = 79.12, H = 5.66 
C = 79.08, H = 5.62
2.8.2 Synthesis of 25,27-dihydroxy-26,28-(diethylamine)ethoxy 
calix[4]arene^^^
A solution of 25,27-dihydroxy-26,28-(diethylamine)ethoxycalix[4]ai*ene (3.0 g,
7.08 mmol), potassium carbonate (4.9 g, 35.0 mmol) and 18-crown-6-ether (0.46 
g, 1.75 mmol) was prepared in acetonitrile (150 cm^) under an inert atmosphere. 
The resulting solution was stirred at 25 °C for 30 minutes. Then 2- 
diethylaminoethylchloride hydrochloride (6.09 g, 35.4 mmol) was added. The 
subsequent mixture was stirred at 80 ® C for 6 h. The progress of the reaction was 
monitored by TLC [dichloromethane:methanol (9:1)]. Once the reaction was 
complete, the mixture was allowed to cool down to room temperature before 
acetonitrile was removed in vacuo. The resulting crude mixture was extracted into
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CH2CI2 (100 cm^) and washed with water (100 cm^). The organic phase was
separated and dried over magnesium sulphate before being concentrated in vacuo
to furmsh a residue (brown solid). The desired product was re-crystallised from
the residue using methanol thus affording white crystals.(2,64 g, 4.13 mmol, 60 % 
yield)
Elemental analysis was carried out in duplicate at the University of Surrey and the
results found were m reasonable agreement with the calculated values as shown 
below.
Calculated %: C = 77.14, H = 8.09, N = 4.S0
F ound  % (1): C = 76.98, H = 7.89, N = 4.43
F ound  % (2): C = 77.01, H = 8.12, N = 4.31
Average %: C = 77.00, H = 8.01, N = 4.37
2.8.3 Synthesis of 25, 26, 27, 28-(diethyIamino)ethoxycalix[4] 
arene*'*
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A solution of 25, 26, 27, 28-(diethylamino)ethoxycalix[4]arene (2.52 g, 5.52 
mmol), and sodium hydride (2.12 g, 88.36 mmol) was prepared in 150 ml of 
THF:DMF (80:20) solvent system under an inert atmosphere. The resulting 
solution was stirred at 25 °C for 30 minutes. Then 2-diethylaminoethylchloride 
hydrochloride (6.09 g, 35.4 mmol) was added over a period of 15 min 
(considerable frothing occurred). The mixture was stirred at 80 °C for 6 h under a 
nitrogen atmosphere.
The progress of the reaction was monitored by TLC [dichloromethane:methanol 
(9:1)].
Once the reaction was complete, the mixture was allowed to cool down to room 
temperature before the reaction solvent was removed in vacuo. The resulting 
crude mixture was extracted into CH2CI2 (100  dm^) and washed with water (100 
dm^). The organic phase was separated and dried over magnesium sulphate before 
being concentrated in vacuo to furnish a residue (brown solid). The desired 
product was re-crystallised from the residue using methanol. White crystals were 
observed (1.01 g, 1.21 mmol, 40 % yield).
‘H NMR (CDCI3, 300 MHz) 8 ppm 6.59 (m, 12H, Ar-H), 4.40 (d, 4H, J = 12.91, 
Ar-CHz-Ar), 4.03 (t, 8H, Ar-O-CHi), 3.17 (d, 4H, J = 12.01, Ar-CHj-Ar), 2.97 (t, 
8H, CH2-N(CH2CH3)a), 2.60 (m, 16H, -N(CH2CH3)2), 1.04 (t, 24H, - 
N(CH2CH3)2).
Elemental analysis was carried out in duplicate at the University of Surrey and the 
results found were in reasonable agreement with the calculated values as shown 
below.
Calculated %; C = 76.06, H = 9.33, N = 6.82
Found % (1): C = 76.25, H = 9.27, N = 6.95
Found % (2): C = 75.94, H = 9.41, N = 6.72
Average %: C = 76.10, H == 9.34, N = 6.84
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2.8.4. Synthesis of 5,17-dialdehyde-25,27-dihydroxy-26,28-(diethyl 
amine)ethoxycalix [4] arene^ ^^
O H
A solution of de-tert-butylated calix(4)arene (0.9 g, 2.12 mmol) in 
dichloromethane (70 cm^) was cooled down to -10 °C. Then , a ,a-d i- 
choromethyl methyl ether (3.0 cm^, 32 mmol) and tin (IV) chloride (32 cm^, 32 
mmol) were added. The resulting mixture was stirred for 30 minutes at -10 °C.
The reaction was quenched by the addition of water (70 cm^). The aqueous phase 
was separated and NaOH (0.2 M) was added (70 cm^). The aqueous phase was 
extracted with dichloromethane (70 cm^) and the organic layer was dried over 
magnesium sulphate and concentrated in vacuo affording a yellow solid which 
was re-crystallised from acetonitrile furnishing yellow crystals. (0.50 g, 0.72 
mmol, 53 % yield).
Elemental analysis was carried out in duplicate at the University of Surrey and the 
results found were in good agreement with the calculated values as shown below.
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Calculated %:
Found % (1): 
Found % (2): 
Average %:
C = 74.31, H = 7.42, N = 4.13
C = 74.88, H = 7.21, N = 4.25 
C = 74.90, H = 6.95, N = 3.89 
C = 74.89, H = 7.08, N = 4.07
NMR (CDCI3, 300 MHz) Ô ppm 9.80 (s, 2H, Ar-CHO), 8.87 (s, 2H, Ar-OH), 
7.64 (s, 4H, Ar-H), 6.92 (d, 4H, J = 8.10, Ar-H), 6.76 (t, 2H, Ar-H), 4.43 (d, 4H, J 
= 13.21, Ar-CHz-Ar), 4.06 (t, 4H, Ar-O-CHa), 3.48 (d, 4H, J = 13.21, Ar CHz 
Ar), 3.05 (t, 4H, CH2-N(CH2CH3)2), 2.69 (q, 8H, -N(CH2CH3)2), 1.11 (t, 12H, - 
N(CH2CH3)2).
2.8.5 Synthesis of l-formaldehyde-25,26,27,28-(dtethylamino)- 
ethoxycalix[4]arene^^^
A solution of a,a-dichloromethyl methyl ether (3.0 cm^, 32 mmol) and tin (IV) 
chloride (32 cm^, 32 mmol) in dichloromethane (70 cm^) was cooled down to -10 
°C. then, 25,26,27,28-(diethylamine)ethoxycalix[4]arene (1.1 g, 1.29 mmol) was 
added. The resulting mixture was stirred for 30 minutes at -10 °C.
The reaction was quenched by the addition of water (70 cm^). The aqueous phase 
was extracted with dichloromethane (70 cm^) and the organic layer was dried over
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magnesium sulphate and concentrated in vacuo affording a yellow solid which 
was re-crystallised from acetonitrile furnishing yellow crystals. (0.5 g, 0.58 mmol, 
45% yield).
NMR (CDCI3, 300 MHz) Ô ppm 9.48 (s, IH, -CHO), 6.93 (s, 2H, Ar-H), 6.65 
(m, 4H, Ar-H), 6.44 (m, 3H, Ar-H), 6.34 (m, 2H, Ar-H), 4.38 (d, 4H, J = 12.01, 
Ar-CHz-Ar), 4.33 (d, 4H, J = 12.01, Ar-CHz-Ar), 3.94 (m, 8H, Ar-O-CHz), 3.18 
(d, 4H, J = 12.01, Ar-CHz-Ar), 3.10 (d, 4H, J = 12.01, Ar- CHz-Ar), 2.88 (m, 8H, 
CHz-N(CHzCH3)2), 2.53 (m, 16H, -N(CHz-CH3)2), 0.97 (m, 24H, -N(CH2CH3)2).
Elemental analysis was carried out in duplicate at the University of Surrey and the 
found results were in good agreement with the calculated values:
Calculated %: C = 74.96, H = 9.02, N = 6.60
Found % (1): C = 74.55, H = 9.27, N = 6.95
Found % (2): C = 76.41, H = 9.41, N = 6.72
Average %: C = 75.48, H = 9.34, N = 6.84
2.8.6 Synthesis of 3-aniinopropyldiniethylsilylane silica^ ^^,160
S i - O - S i
Dried silica (10 g) was dispersed in anhydrous toluene (150 cm^). To the resulting 
slurry, 3-aminopropyltrimethylsilane (4,9 g, 42.6 mmol) was added. The resulting 
mixture was refluxed for 6 h and then cooled to 25 °C, filtered and washed first 
with toluene and then with methanol.
Elemental analysis was carried out in duplicate at the University of Surrey and the 
found results were in good agreement with the calculated values:
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Calculated %:
Found % (1): 
Found % (2 ): 
Average %;
C — 3.47, H = 0.81, N = 0.82
C = 3.57, H = 0.82, N = 1.07 
C = 3.14, H = 0.68, N = 0.93 
C = 3.36, H = 0.75, N = 1.00
2.8.7 Synthesis of the solid supported partially and fully 
functionalised calix[4]arene amino derivative'®' ’^
S i - O - S iCH3
I2
OH
A dispersion of anhydrous 3-aminopropyldimethylsilylated silica (1 g, 0.75 
nunol) in absolute methanol (50 cm^) was prepared. To the resulting slurry, 5 M 
methanolic solution of HCl (0.15 cm \ 0.25 mmol) was added. This was followed
by 1,13-formaldehyde-25,27-dihydroxy-26,28-(diethylamino)ethoxycalix[4]arene 
(0.65 g, 0.96 mmol) or l-formaldehyde-25,26,27,28-(diethylamino)ethoxy- 
calix[4]arene (0.40 g, 0.47 mmol) and sodium cyanoborohydride (0.05 g, 0.75 
mmol). The resulting mixture was stirred at 25 °C for 72 h.
Concentrated HCl was added to the slurry until the pH was lower than 2. The 
acidified slurry was filtered and the resulting solid was washed with 
dichloromethane (50 cm^), methanol (50 cm^), aqueous NaOH (50 cm^) and water 
(50 cm^) before being dried over CaCb in vacuo for 12 h. (Yield 1.6 g).
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Elemental analysis was carried out in duplicate at the University of Surrey and 
found results were in good agreement with the calculated values.
Calculated %:
Found % (1); 
Found % (2): 
Average %:
C = 20.58, H = 2.57, N = 1.85
C = 20.36, H = 2.68, N =  1.82 
C = 20.72, H = 2.64, N =  1.77 
C = 20.54, H = 2.66, N = 1.80
2.9. Extraction experiments
To perform extraction experiments, small chromatographic columns were filled 
with the modified silica (containing the calixarene derivative) and a mechanical 
pump was used to inject the acid herbicide solution into the column (Scheme 2.1). 
A UV spectrophotometer (Cecil 8000 UV-visible spectrophoto-meter) was used 
to analyse the initial and the remainmg concentrations of acid herbicide in 
aqueous solution after passing through the column.
All extraction experiments were performed at least twice.
Flow
Colum n
Flow
S am p le
C ollection
P um p
Acid Herbicide 
Aqueous Solution
Control
Valve
Scheme 2.1 Schematic representation of the system used to perform the 
extraction experiments
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2.10. Regeneration of the solid material.
The procedure for the regeneration of the material is by passing through the 
column an aqueous solution of NaOH (100 dm^, 1 mol dm"^), after that double 
deionised water was passed trough the column until the solution had neutral pH 
(around 6-7).
2.11 .Calorimetric determination of the heat of extraction of acid 
herbicides by modified silica.
The general procedure was as follows: Ampoules containing an accurately 
amount of weighed material (0.01 g to 0.5 g) were sealed and placed in the 
stirring blade of the calorimeter. The system was immersed in the water bath and 
left to reach the equilibrium. The ampoule was broken into the vessel that 
contained 50 cm^ of an aqueous solution with known concentrations of acid 
herbicide (1.5 x 10’^  -  3.5 x 10'  ^mol dm‘^ ). Once the experiment was completed; 
a sample was immediately removed from the calorimeter vessel to determine the 
concentration of the acid herbicide.
The gross heat of reaction (g^,) obtained involves.
Q R = Q n + Q i + Q a  (2.4)
In eqn. 2.4 g , ,  g  and are the heat produced by the reaction, the heat of
immersion of the material in water and that due to the breaking of the empty 
ampoule in the appropriate solution respectively.
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3 Results and Discussion
3.1 Synthesis
3.1.1 Synthesis of 5,ll,17,23-tetra-tgrt-butyl-25,27-bis(diethyl 
amine)ethoxy 26,28-dihy doxycalix [4] arene
The derivatization ofp-tert-\mty\ calix(4)arene is shown in Scheme 3.1 according 
to the procedure previously used at the Thermochemistry laboratory by J. 
Villanueva-Salas '^ '^^.
OH
+ (CHzCHJgNCH.CHgCI
OH
Scheme 3.1 Synthesis of 5,ll»17,23-tetra-fef^-butyl-25,27-bis(diethyl- 
amme)ethoxy 26,28-dihydoxycalix[4]arene
The NMR spectrum (Fig 3.1) shows signals at 4.03 ppm and 3.08 ppm 
corresponding to protons 7 and 8 that are located between the ethereal oxygen and 
the nitrogen respectively. The two signals observed at 2.69 and 1.10 ppm are
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those corresponding to protons 9 and 10 that are found on the terminal ethyl group 
respectively.
Substitution took place on two phenolic oxygens. This statement is corroborated 
by the presence of two signals for the aromatic protons and for the ^gr^-butyl 
group protons which are clearly different due to the important change in the 
electronic environment due to the presence of two tertiary amine groups.
The pair of doublets at 4.33 and 3.29 ppm corresponds to the axial and equatorial 
protons respectively. The difference between these chemical shifts (Aôax-eq) was 
found to be 1.04 ppm. These results indicate that this macrocycle adopts a “cone” 
conformation in CDCI3 at 298
 ^ S §
10
6 7 5 8
LLJ wu
-I—I—I—I—I—r -r—I—I—I—T- 8 “1—I—I—I—I—I—I—I—I—I—I—I—I—I—t—I—I—I—I—I—f-7 6 5 4 3 _ ] , , I , I I I I I2 1 PPM
Fig 3.1 The *H-NMR spectrum of 5,ll,17,23-tetra-ter^-butyI-25,27- 
bis(diethylamme)ethoxy-26,28-dihydroxycalix[4]arene in 
CDCl3at298K
Having characterised the ligand, its solubility was measured in various solvents 
and this is discussed in the next Section.
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3.2 Solubility measurements.
Solubility data are referred to the process (eq. 3.1) in which the calixarene 
derivative in the solid state (L(soi>) is in equilibrium with its saturated solution
(L(s)).
L{sol) L{s) (3.1)
Provided that the composition of the solid in equilibrium with the saturated 
solution of the ligand is the same^^^’^ ^^ , solubility data may be useful to calculate 
the standai’d Gibbs energy change, AgG°, of the ligand in a given solvent and at a 
given temperature using equation 3.2,
A ^G '^zz-R TlnM /, (3.2)
In this equation, R, T and yl are the gas constant (8.31 J K'^mol'^), the absolute 
temperature (K) and the molar activity coefficient respectively. Due to the fact 
that the calixarene derivative is a neutral ligand (non electrolyte), yl is assumed to 
be equal to one. Thus the ligand’s solubility on the molar scale is referred to the 
standard state of 1 mol dm‘^ .
The solvation changes of this ligand from one medium to another can be 
calculated from the standard Gibbs energy of transfer, AtG° from a reference 
solvent Si to another solvent, S2. The transfer process is shown in eq. 3.3.
Z( 5, ) — (3.3)
Thus, the thermodynamic transfer constant, Kt, is given by
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J. (3.4)
The Kt value is obtained from solubility data of the ligand in two different 
solvents and therefore the standard Gibbs energy of transfer, AtG° can be 
calculated from eq. 3.5
A,G“(i)(5, ^ s , )  = -RT]nK,  = (3.5)
Table 3.1 reports solubility data for Li in different solvents. The standard Gibbs 
energies of solution of the ligand in the various solvents are calculated using eq. 
3.2. Taking acetonitrile as the reference solvent, Kt and derived standard transfer 
Gibbs energies to other solvents are calculated.
Table 3.1. Solubilities and standard Gibbs energies of solution of 
5,ll,17,23-tetra-/er/-butyl-25,27-bis(diethylamine)ethoxy-26, 28- 
dihydoxycaIix[4]arene (L) in various solvents at 298.15 K. 
Derived transfer constants and standard transfer Gibbs energies 
are from acetonitrile.
Solvent Solubility(mol.dm^)
AsG”
(kJmol*) Kt(MeCN-^S2)
AtG° 
(kJ mol^)
MeCN (3.97 ± 0.2) X  10'^ 13.70 1.00 0.00
MeOH (1.28 ± 0.1) X  10'^ 16.50 0.32 2.80
E to n (2.67 ± 0.2) X  10'^ 14.68 0.67 0.98
DMF (4.12 ± 0.3) X  10'’ 13.61 1.04 -0.09
CHCI3 (7.89 ± 0.3) X  10'’ 6.29 19.87 -7.41
CH2CI2 V. Soluble Solvate Formation ---
PhCN V. Soluble Solvate Formation —
THF V. Soluble Solvate Formation
Abbreviations: MeCN, acetonitrile; MeOH, methanol; EtOH, ethanol;. DMF, N,N-
dimethylformamide, CHCI3 , chloroform; CH 2 CI2 , dichloromethane; PhCN, benzonitrile; 
THF, tetrahydrothran.
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In CH2CI2, PhCN and THF, solvate formation was observed. Therefore, the 
standard solution Gibbs energies in these solvents could not be calculated
The values of AtG° presented in Table 3.1, give quantitative information about the 
degree of solvation of the ligand in two solvents. A negative AtG° value from a 
reference solvent to another indicates that the ligand is less solvated in the 
reference solvent than in the receiving solvent.
From Table 3.1 it may be concluded that the ligand is able to interact with these 
solvents in the following sequence:
CHCI3 > DMF > MeCN > EtOH > MeOH
According to the AtG° values presented in Table 3.1 the interaction of this ligand 
with protic solvents (alcohols) increases as the hydrophobic nature of the aliphatic 
chain of the alcohols increases, although the differences found in the AtG° values 
are relatively small.
This calix[4]arene amine derivative is better solvated in aprotic solvents than in 
protic solvents.
As mentioned above, the standaid Gibbs energy of solution cannot be calculated 
in solvents in which this compound undergoes solvate formation. However, 
ligand-solvent interactions can be discussed in terms of enthalpies, where solvate 
formation is not a limitation and these data aie presented in the next section.
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3.3 Determination of the standard enthalpy and entropy of solution of 
5,1147,23-tetra-/^r/-butyl-25,27-bis(diethyIamine)ethoxy-26,28-di- 
hydroxy calix[4]arene in several solvents at 298.15 K
The standard enthalpies of solution were performed by classical calorimetry using 
the Tronac 450 calorimeter as described in the Experimental Section.
The reliability of the instrument was tested by the chemical reaction proposed by 
Wadso et al^^ ,^ in which the standard enthalpy of solution AsH°, of tris 
[hydroxymethyl] aminomethane, THAM, in an aqueous solution of HCl was 
calculated for the following process:
THAM{sol) + (aq) > HTHAM^ (aq) (3.6)
The heat produced by brealdng empty ampoules in water at 298.15 K was found 
to be very small and was considered as negligible, therefore, the ApH was 
calculated from:
A , H = S —  (3.7)
T^HAM
In eq. 3.7 A^Tf, q and n are the notations used to indicate enthalpy change, heat 
and number of moles respectively associated with the process shown in eq. 3.6
The results obtained for the enthalpy of protonation at different concentrations at 
298.15 K are shown m Table 3.2.
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Table. 3.2 Standard enthalpy of protonation of THAM in water at 298.15 K.
THAM (g) c (mol dm^) ApH(kJmor^)
0.03367 5.56x10*^ -29.48
0.02892 4.77 X  10'^ -29.77
0.02878 4.75 X 10'^ -29.86
0.01814 2.99 X 10'^ -29.62
0.01084 1.79x10'^ -30.38
An average of ApH values reported in Table 3.2 is taken as the standard enthalpy 
of solution (AgH° -  -29.8 ± 0.3 kJ mol'^). This value is in close agreement with 
corresponding data reported in the literature (-29.71 kJ mol'^ -29.74 kJ mol"^  
-29.76 kJ mol'^ -29.70 kJ mol"^
Once the reliability of the calorimeter was tested, the enthalpies of solution of the 
ligand in different solvents were determined at 298.15 K.
Tables 3.3 - 3.7 list the enthalpies of solution of Li in acetonitrile, methanol, 
ethanol, N,N-dimethylformamide and chloroform at different concentrations of 
the ligand respectively.
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Table 3.3 Enthalpies of solution of Li in acetonitrile at 298.15 K at different 
concentrations.
c (mol dm^) AsH (kJ mol^)
1.33x10-^ -11.78
1.21 X  10’^ -13.42
1.01 X  10'^ -15.78
8.00 X  10'^ -19.55
6.16x10'^ -25.26
4.34 X  10'^ -31.08
2.76x10'^ -35.34
Extrapolated value = -56 ± 1 kJ mol"^
-10  -
-20  -
.-30 -
-40  -
-50  -
-60 -
-70
0.005 0.006 0.007 0.008 0 .009 0.01 0.011 0.012
Fig. 3.2 Heats of solution of bis(N,N-diethylamine)ethoxydihydroxycalix[4]arene in 
acetonitrile at 298,15 K at different concentrations
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Table 3.4 Enthalpies of solution of Li in methanol at 298.15 K at different 
concentrations.
c (mol dm"^ ) AsH (kJ mol^)
2.00 X  10"^ -9.03
1.08x10"^ -11.91
1.00 X  10"^ -12.20
9.25 X 10'^ -12.58
6.07 X  10"^ -14.51
5.19 X  10"^ -14.90
4.86 X 10"^ -15.18
4.82 X 10"^ -15.20
3.61 X 10'^ -15.89
3.38 X 10"^ -15.94
2.03 X  10'^ -17.09
Extrapolated value = -21.0 ± 0.2 kJ mol"
-25  -
-35  -I------------------ ,-------------------,------------------ ,------------------ ,------------------ ,------------------ ,------------------
2 .0 0E -0 3  4 .0 0 E -0 3  6 .0 0E -0 3  8 .0 0E -0 3  1 .00E -02  1 .20E -02  1 .40E -02  1 .60E -02
J/2
Fig. 3.3 Heats of solution of bis(N,N-diethyIamine)ethoxydihydroxycalix[4]arene in
methanol at 298.15 K at different concentrations
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Table 3.5 Enthalpies of solution of Li in ethanol at 298.15 K at different 
concentrations.
c (mol dm"’) AsH (kJ mol"')
2.20 X 10"^ 9.39
1.96 xlO"^ 7.63
1.50x10"^ 5.40
1.32 X  10"' 4.42
1.13x10'" 3.02
9.32 X  10"’ -0.19
3.89 X  10"’ -5.39
Extrapolated value = -16 ± 1 kJ mol*
30.0
20.0 -
10.0  -
- 10.0 -
- 20.0  -
-30 .0  -I-------
6.00E-03 8.00E -03 1.00E-02 1.20E-02 1.40E-02 1.60E-02.1/2
Fig. 3.4 Heats of solution of bis(N,N-diethylamine)ethoxydihydroxy-
calix[4]arene in ethanol at 298.15 K at different concentrations
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Table 3.6 Enthalpies of solution of Li in N,N Dimethylformamide at 298.15 K 
at different concentrations.
c (mol dm^) AsH(kJmor^)
2.42 X 10'^ -4.89
1.80 X 10'^ -5.37
1.45x10^ -5.83
1.15x10'^ -6.25
1.13x10"* -6.33
1.02x10"* -6.46
9.02x10'^ -6.65
6.49x10'^ -6.97
Extrapolated value = -9.4 ±0.1 kJ mol-1
5.0
3.0  -
-3 .0  *
5  -5 0
-7 .0  -
-9 .0  -
- 11.0 -
-13 .0  -
-15 .0  4--------
7 .00E -03 9 .00E -03 1.10E -02 1.30E -02 1.50E -02 1.70E-02.1/2
Fig. 3.5 Heats of solution of bis(N,N-diethylamine)ethoxydihydroxycalix[4]arene in
N,N-dimethylformamide at 298.15 K at different concentrations
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Table 3.7 Enthalpies of solution of Li in chloroform at 298.15 K at different 
concentrations.
c (mol dm^) AsH (kJ mol')
2.12 X 10-^ 5.79
1.74x10-^ -1.79
1,53 X  10'" -6.13
1.32x10"' -10.71
1.21 X  10“' -12.71
1.13x10"" -15.20
1.08 X  10"* -17.46
8.92 x 10'^ -23.69
5.36 X  10'^ -35.61
Extrapolated value = -77 ± 1 kJ mol'^
-10 -
-20 -
-25 -
-30 -
-35 -
-40
0.0130.008 0.009 0.01 0.011 0.012 0.014 0.0150.006 0.007 J/2
Fig. 3.6 Heats of solution of bis(N,N-diethylamine)ethoxydihydroxycalix[4]arene in
chloroform at 298.15 K at different concentrations
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Standard enthalpies of solution of the ligand reported in Table 3.8, are the values 
at zero concentration from a plot of AsH against the square root of the ligand 
concentration (Figs. 3.2 - 3.6) given that changes are observed in the enthalpies of 
solution by altering the concentration of the ligand.
Table 3.8 Thermodynamic parameters of solution of bis(N,N-diethylamine)- 
ethoxydihydroxycalix[4]arene in different solvents at 298.15 K
Solvent
AsG^
(kJmor^)
AsH°
(kJmol*)
AsS  ^
(JK “^ mol *)
MeCN 13.7 -56 -233
MeOH 16.5 -21 -126
EtOH 14.68 -16 -103
DMF 13.61 -9.4 -77
CHCI3 6,29 -77 -280
From the above Table it can be seen that the dissolution of the ligand in 
acetonitrile, methanol, ethanol, N,N-dimethylformamide and chloroform is 
enthalpically favoured (exothermic process)
Standard enthalpies of solution are the sum of two processes: the breakage of the 
crystal lattice (AdH°) (endothermie process) and the solvation process (AsoivH®) 
(exothermic process), (eq 3.8).
A,^'' = A^Æ''+A,,,,A''' (3.8)
The negative values found in the standard enthalpies of solution for the ligand in 
these solvents suggest that the solvation process predominates over the crystal 
lattice process.
Chapter 3: Results and Discussion
The standard entropy of solution was calculated from eq. 3.9 and it is also 
reported in Table 3.8.
(3.9)
The values obtained for the standard entropy and standard enthalpy of solution 
indicated that the dissolution process is enthalpically favoured and entropically 
unfavourable. These are best reflected in the transfer data (Table 3.9). In fact, the 
transfer enthalpies from acetonitrile to N,N-dimethylformamide is less favoured 
than to the alcohols, and can be attributed to the interaction of acetonitrile with 
the ligand. It can also be concluded that the transfer enthalpy from acetonitrile to 
chloroform is enthalpicaly favourable due to the fact that the ligand is more 
solvated in chloroform than acetonitrile. As the enthalpic stability for the transfer 
process follows the trend CHCI3 > CH3CN > MeOH > EtOH > DMF, the opposite 
trend is found in terms of entropy due to the process being entropically less 
favoured in moving from DMF to CHCI3. Given that there is hardly any 
difference in the AtG° values in the transfers from MeCN to other solvents, clearly 
reflects that the enthalpy is almost entirely compensated by the entropy. Grunwald 
and S t e e l s t a t e d  that when AtG° values are quite close to zero, enthalpy and 
entropy are compensated due to solvent reorganisation in moving from one 
solvent to another.
Table 3.9 Derived Parameters of Transfer of bis (N,N-diethyIamine) ethoxy 
dihydroxycalix[4]arene from Acetonitrile
Transfer AtG" kJ mol*
AtH" 
kJ mol*
AtS^
J K* mol *
CH3CN -> MeOH 2.80 34.73 107
CH3CN ^  EtOH 0.98 39.73 130
CH3CN -> CH3CN 0.00 0.00 0.00
CH3CN DMF -0.09 46.40 156
CH3CN -> CHCI3 -7.41 -21.35 -47
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Having determined the solution thermodynamics of the 5,ll,17,23-tetra-?er^butyl 
25,27-bis(diethylamine)ethoxy26-28-dihydroxycalix[4]arene in different solvents, 
an investigation on the interaction of this ligand with acid herbicides was 
performed and this is discussed in the following section.
3.4. Interaction studies of 5,ll,17,23-tetra-^^rAbutyI-25,27-bis(diethyI 
amine)ethoxy-26,28"dihydroxycalix[4]arene with acid herbicides.
The interaction between 5,11,17,23“tetra-ferf-butyl-25,27-bis(diethylamine)- 
ethoxy-26,28-dihydroxycalix[4]arene and acid herbicides, was investigated in 
acetonitrile, methanol and N,N-dimethylformamide at 298.15 K with the aim of 
assessing the behaviour of this ligand and acid herbicides in protic (methanol) and 
dipolar aprotic media (acetonitrile and N,N-dimethylformamide)
The techniques used to investigate the interactions of the ligand with acid 
herbicides are described as follows:
i) NMR measurements were performed in a) order to identify the 
presence of interactions between the ligand and the selected acid herbicide 
and b) to gain information regarding the active sites of interaction of the 
ligand (calix[4]aiene amine derivative) with these acids and c) if 
possible to gain information of the stoichiometry of the interaction.
ii) Conductometric studies were carried out to establish the composition of 
ligand-acid herbicide complex and to assess quantitatively the strength of 
the interaction in the appropriate solvents
In the following section, NMR measurements of 5,11,17,23-tetra-fgr^-butyl-25,
27-bis(diethylamine)ethoxy26-28-dihydroxycalix[4]ai'ene and several acid 
herbicides in CD3CN and CD3OD at 298 K are discussed.
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3.4,1 H-NMR studies on the interaction of 5,11,17,23-tetra-^gr^ 
butyl 25,27-bis(diethylamine)ethoxy 26-28-dihydroxycaIix- 
[4]arene with acid herbicides.
Nuclear magnetic resonance is a suitable technique to investigate the structuial 
conformation of macrocycle ligands such as calixarenes and to identify the active 
centers of interaction between the ligand and ionic and neutral species.
The changes in chemical shifts (Aô) of the ligand protons upon the addition of the 
acid herbicide in solution are to be used to determine the active sites of interaction 
of the ligand resulting from its interaction with these acids.
Fig. 3.7 shows the structure of the ligand and its respective proton groups labelled 
from 1 to 10 respectively.
OH
Cl Q OH Cl— ' ^ O  OH
0, - i  hh
2,4-D DP%
BU
Cl— ^  y - 0  p H  Cl— /  \ - q  OH
Cl O Cl '  o
2,4,5-T
h i
2-2,4,5-T
Cl Cl o
Fig 3.7 The receptor 5,lI,17,23-tetra-/^r^-butyl-25,27-bis(diethylami- 
ne)ethoxy-26-28-dihydroxycalix[4]arene and acid herbicides 
considered in this thesis.
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Chapter 3: Results and Discussion
Table 3.10 shows the chemical shift changes of the ligand protons after addition 
of the appropriate acid herbicides in CD3 CN at 298 K. These chemical shift 
changes (Aô) were calculated by subtracting the chemical shift of the free ligand 
( ô f l )  from that of the ligand-acid herbicide ( ô l a )  as shown in eq. 3.9.
^ L A  ^ F L  (3.9)
The chemical shift changes of the ligand after addition of an excess amount of the 
acid are significant, (Tables 3.10 and 3.11 for CD3 CN and CD3 OD respectively), 
suggesting interactions between the ligand and the acid herbicides in both 
solvents.
In order to obtain further insights into the nature of these interactions NMR 
titrations were carried out.
Thus the results of the NMR titration of the ligand with acid herbicides were 
recorded at different acid:ligand molai' ratios. Representative examples for 2,4-D 
and 2,4,5-T in CD3 CN and CD3 OD are reported in Tables 3.12-3.15 respectively 
and shown in Figs. 3.8-3.11.
Figs 3.8 -  3,11 shows that i) the acid herbicides interact with the ligand in CD3 CN 
and CD3 OD at 298 K respectively, ii) The results obtained show that two units of 
acid herbicide interact with one unit of the ligand (2 :1 , acid:ligand).
* H-NMR titrations for this ligand with acid herbicides indicate that the interaction 
talce places in the amine group, indeed the chemical shifts changes are greatest for 
the proton close to the nitrogen atom (around 0.30 to 0.40 ppm in the case of 2,4- 
dichlorophenoxyacetic acid). See Tables 3.12 - 3.15.
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A substantial evidence of conformational changes, are the differences (in ppm) 
between the axial and the equatorial protons Thus A6ax-eq values of
0.76, 0.75, 0.76, 0.76, 0.79,0.82 and 0.84 ppm are found for 2,4-D, 2,4,5-T,
2,2,4,5-T, DP, 2,3,6-T, NA and BU respectively while a value of 1.02 ppm was 
found for the free ligand in CD3CN at 298 K and 0.71, 0.70, 0.75, 0.77, 0.87, 0.97 
and 1.00 ppm are found for 2,4-D, 2,4,5-T, 2,2,4,5-T, DP, 2,3,6-T, NA and BU 
respectively and 0.95 ppm was found for the free ligand in CD3OD at 298 K. 
These results suggest that the ligand upon interaction with the acid alters its 
conformation from a ‘cone’ (free ligand) to a ‘distorted cone’ in CD3CN and 
CD3OD at 298 K.
Table 3.12 *H-NMR titration of 5,llsl7,23-tetra-tert-butyl-25,27-bis(diethyl- 
amme)ethoxy-26-28-dihydroxycalix[4]arene after addition of 2,4- 
diclilorophenoxy acetic acid in CD3CN at 298 K
1 2 3 4 [5 6] 7 8 9 10
FreeLigand 1.15 1.20 7.15 7.20 3.35 4.37 4.03 3.07 2.70 1.09
0.26 1.14 1.20 7.15 7.20 3.36 4.35 4.06 3.11 2.75 1.11
0.51 1.14 1.21 7.16 7.20 3.37 4.33 4.08 3.16 2.80 1.13
0.77 1.14 1.21 7.16 7.20 3.37 4.32 4.10 3.21 2.84 1.14
1.03 1.14 1.21 7.17 7.21 3.38 4.30 4.12 3.25 2.88 1.17
1.29 1.14 1.21 7.17 7.21 3.39 4.29 4.14 3.30 2.92 1.18
1.54 1.14 1.21 7.17 7.21 3.40 4.27 4.16 3.34 2.95 1.20
1.80 1.14 1.21 7.18 7.22 3.41 4.26 4.18 3.37 2.98 1.21
2.06 1.14 1.21 7.18 7.22 3.40 4.25 4.19 3.41 3.00 1.22
2.31 1.14 1.21 7.18 7.22 3.41 4.24 4.21 3.44 3.02 1.23
2.57 1.14 1.21 7.18 7.22 3.41 4.24 4.22 3.47 3.05 1.24
2.83 1.15 1.21 7.18 7.22 3.41 4.23 4.23 3.49 3.06 1.25
3.08 1.15 1.21 7.19 7.23 3.42 4.22 4.24 3.51 3.08 1.26
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Fig 3.8 ‘H-NMR titration plot of 5,11,17,23-tetra-/er/-butyl-25,27-bis(diethyl- 
amine)ethoxy26,28-dihydroxycalix[4]arene after addition of 2,4-di 
chlorophenoxyacetic acid in CD3CN at 298 K
Table 3.13 H-NMR titration of 5,ll,17,23-tetra-/er/-butyl-25,27-bis(diethyl- 
amine)ethoxy-26,28-dihydroxycalix[4]arene after addition of 2,4,5- 
trichlorophenoxyacetic acid in CD3CN at 298 K
IP]/[L] 1 2 3 4 [5 61 7 8 9 10
Free
Ligand 1.15 1.20 7.15 7.20 3.35 4.37 4.03 3.07 2.70 1.09
0.35 1.14 1.20 7.16 7.20 3.36 4.34 4.07 3.15 2.79 1.12
0.71 1.14 1.21 7.16 7.20 3.37 4.31 4.11 3.23 2.87 1.16
1.06 1.14 1.21 7.17 7.20 3.38 4.28 4.15 3.32 2.94 1.19
1.42 1.14 1.21 7.17 7.21 3.39 4.26 4.18 3.37 2.99 1.22
1.77 1.14 1.21 7.17 7.21 3.40 4.24 4.21 3.44 3.04 1.24
2.13 1.14 1.21 7.18 7.21 3.40 4.22 4.24 3.50 3.08 1.26
2.83 1.14 1.21 7.18 7.22 3.42 4.20 4.27 3.58 3.14 1.29
3.19 1.14 1.21 7.18 7.23 3.42 4.19 4.28 3.61 3.16 1.30
3.54 1.14 1.21 7.18 7.23 3.43 4.19 4.29 3.64 3.17 1.31
3.90 1.14 1.21 7.19 7.23 3.43 4.18 4.30 3.66 3.18 1.32
4.25 1.14 1.21 7.19 7.23 3.43 4.18 4.31 3.67 3.19 1.33
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Fig 3.9 H-NMR titration plot of 5,11,17,23-tetra-/er/-buty1-25,27-bis(diethyI- 
amine)ethoxy-26,28-(lihydroxycalix[4]arene after addition of 2,4,5- 
trichlorophenoxyacetic acid in CD3CN at 298 K
Table 3.14 H-NMR titration of 5,ll,17,23-tetra-/er/-butyl-25,27-bis(diethyl- 
amine)ethoxy-26,28-dihydroxycaIix[4]arene after addition of 2,4-di 
chlorophenoxyacetic acid in CD3OD at 298 K
IPJ/IL] 1 2 3 4 [5 61 7 8 9 10
Free
Ligand 1.05 1.24 7.03 7.12 3.38 4.33 4.09 3.20 2.79 1.18
0.30 1.01 1.26 6.97 7.14 3.40 4.30 4.12 3.24 2.92 1.22
0.61 0.97 1.28 6.91 7.16 3.41 4.26 4.16 3.36 3.06 1.27
0.91 0.94 1.30 6.87 7.17 3.42 4.24 4.19 3.40 3.17 1.31
1.22 0.93 1.30 6.85 7.18 3.43 4.23 4.23 3.51 3.25 1.34
1.52 0.92 1.31 6.84 7.18 3.44 4.22 4.22 3.55 3.30 1.36
1.83 0.92 1.31 6.84 7.19 3.44 4.21 4.24 3.59 3.31 1.37
2.13 0.92 1.31 6.83 7.19 3.44 4.21 4.24 3.61 3.35 1.38
2.43 0.91 1.31 6.83 7.19 3.44 4.21 4.25 3.63 3.37 1.39
2.74 0.91 1.31 6.83 7.19 3.45 4.20 4.26 3.65 3.40 1.40
3.04 0.91 1.31 6.83 7.19 3.45 4.20 4.26 3.66 3.40 1.40
3.35 0.91 1.31 6.83 7.19 3.44 4.20 4.27 3.67 3.41 1.40
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Fig 3.10 ‘H-NMR titration plot of 5,ll,l'7,23-tetra-/er/-buty!-25,27-bis(diethyl- 
amine)ethoxy-26,28-dihydroxycalix[4]arene after addition of 2,4-di- 
chlorophenoxyacetic acid in CD3OD at 298 K
Table 3.15 H NMR titration of 5,ll»17,23-tetra-/er/-butyl-25,27-bis(diethyl- 
amine)ethoxy-26,28-dihydroxycalix[4]arene after addition of 2,4,5 
trichlorophenoxyacetic acid in CD3OD at 298 K
IP]/[L1 1 2 3 4 [5 6| 7 8 9 10
Free
Ligand 1.05 1.24 7.02 7.12 3.38 4.33 4.09 3.20 2.79 1.18
0.31 1.02 1.26 6.98 7.13 3.39 4.30 4.12 3.26 2.89 1.21
0.62 0.98 1.28 6.92 7.15 3.41 4.27 4.15 3.31 3.02 1.26
0.93 0.95 1.29 6.88 7.17 3.42 4.25 4.18 3.40 3.13 1.30
1.24 0.93 1.30 6.86 7.17 3.43 4.23 4.20 3.48 3.22 1.33
1.55 0.92 1.30 6.84 7.18 3.43 4.22 4.22 3.54 3.27 1.35
1.86 0.92 1.31 6.83 7.18 3.44 4.21 4.24 3.58 3.31 1.37
2.17 0.91 1.31 6.83 7.18 3.44 4.21 4.24 3.61 3.36 1.38
2.48 0.91 1.31 6.83 7.19 3.44 4.21 4.25 3.63 3.39 1.39
2.79 0.91 1.31 6.82 7.19 3.45 4.20 4.26 3.65 3.40 1.40
3.09 0.91 1.31 6.82 7.19 3.45 4.20 4.26 3.66 3.40 1.40
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Fig 3.11 H-NMR titration plot of 5,ll>17,23-tetra-/cr/-butyI-25,27-bis- 
(diethylamine)ethoxy-26,28-dihydroxycalix[4]arene after addition of
2,4,5-trichlorophenoxyacetic acid in CD3OD at 298 K
The magnitude of Aô(ax-eq) slightly varies from one acid herbicide to another, these 
are shown in Tables 3.16 and 3.17
Table 3.16 Difference between axial and equatorial protons in ppm in 
CD3CN and dissociation constant of the acid herbicide in water.
ÔAx 5Eq pKa AÔ(Ax-Eq)
2,4-D 4.20 3.45 2.73 0.76
2,4,5-T 4.20 3.45 2.83 0.75
2,2,4,5-T 4.20 3.44 2.84 0.76
DP 4.20 3.44 3.10 0.76
2,3,6-T 4.23 3.43 3.70 0.79
NA 4.23 3.41 4.23 0.82
BU 4.26 3.41 4.95 0.84
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Table 3.17 Difference between axial and equatorial protons in ppm in 
CD3OD and dissociation constant of the acid herbicide in water.
ÔAx ôEq pKa AÔ(Ax-Eq)
2,4-D 4.13 3.42 2.73 0.71
2,4,5-T 4.12 3.42 2.83 0.70
2,2,4,5-T 4.16 3.41 2.84 0.75
DP 4.19 3.42 3.10 0.77
2,3,6-T 4.25 3.38 3.70 0.87
NA 4.32 3.35 4.23 0.97
BU 4.36 3.36 4.95 1.00
In an attempt to interpret these data, A0(ax-eq) values are plotted against the pKa 
values of acid herbicides in water at 298 K, these are shown in Fig 3.12 
(acetonitrile) and Fig 3.13 (methanol). Strictly speaking, pKa values of acid 
herbicides in acetonitrile and methanol should be considered. However these data 
are not available. In any case it is expected that the pKa values in non-aqueous 
solvents will follow the same trend as those in water, although the absolute pKa 
value will differ due to the medium effect. A linear correlation is observed which 
demonstrate that as the pKa value increases the Aô(ax-eq) decreases, therefore the 
conformational changes of the ligand are in direct relation with the strength of the 
acids. The same coiTelation is found in methanol as shown in Fig. 3.13
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Fig. 3.12 Correlation plot of the difference between the axial and the 
equatorial protons (AÔAx-Eq) in CD3CN at 298 K against the pKa 
values of the acid herbicides in water at 298.15 K.
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Fig. 3.13 Correlation plot of the difference between the axial and the 
equatorial protons (ASax-eq) in CD3OD at 298 K against the pKa 
values of the acid herbicides in water at 298.15 K.
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Having studied the behaviour of the ligand and the sites of interaction between the 
ligand and the acid herbicides by NMR titrations, an investigation on the 
composition of the ligand:acid herbicide complex was carried out. For this 
purpose, conductometric titrations were performed and these are discussed in the 
next Section.
3.4.2 Conductometric measurements.
In order to determine /) the composition of the ligand-acid herbicide interaction 
and ii) the nature of the spéciation when acid herbicides are dissolved in non- 
aqueous media, conductometric measurements were carried out. As far as (/) is 
concerned, conductometric titrations of acid herbicides (2,4-dichlorophenox acetic 
acid, naphthalene acetic acid, 2-(2,4-dichlorophenoxy)-propionic acid, 4-(2,4- 
dichlorophenxy)butyric acid, 2,4,5-trichlorophenoxy acetic acid, 2-(2,4,5- 
trichlorophenoxy)propionic acid and 2,3,6-trichlorophenyl acetic) with the ligand 
in acetonitrile, methanol and N,N-dimethylformamide at 298.15 K were 
performed. Thus, the topics covered in this Section are summarised as follows.
i) Determination of the conductivity cell constant.
ii) Conductometric measurements of acid herbicides at 298.15 K in various
solvents.
in) Conductance studies of sodium salts of acid herbicides in non-aqueous
media.
iv) Treatment of conductance data (mathematical approach).
102
Chapter 3: Results and Discussion
3.4.2.1 Determination of the conductivity cell constant
The constant of the conductivity cell used was measured before performing the 
experimental work using the acid herbicides. This was required for the evaluation 
of the molar conductivity of the solutions under study.
The determination of the cell constant was carried out according to the method 
described in the Experimental Section. Since potassium chloride is the standard 
electrolyte in electrochemistry and its specific conductivity at different 
concentrations is well established^^^, this salt was used for this determination. 
Table 3.18 shows conductance data for KCl at various concentrations, as well as 
the corresponding values of the cell constant (0) at 298.15 K
Table 3.18 Conductance data against the concentration of KCl in water at 
298.15 K for the determination of the conductivity cell constant.
Stock concentration of KCl (mol dm'^) = 0 10 
Vol. Initial = 25.0 ml
w(g) V(ml) [KCll S (O ') A m 9(cm'*)
1 57 0.19 7.69 X 10'* 1.07x10'" 146.77 1.06
2 113 0.38 1.51 X 10'^ 2.22 X 10'" 145.73 1.01
3 175 0.60 2.32 X 10’^ 3.42 X 10'" 144.88 0.99
4 238 0.81 3.14x10'^ 4.59 X 10'" 144.19 0.99
5 304 1.03 3.97 X 10'^ 5.81 X 10'" 143.58 0.99
6 401 1.36 5.17 X 10'^ 7.54 X 10'" 142.83 0.98
7 504 1.71 6.41 X 10'^ 9.33 X 10'" 142.15 0.98
8 603 2.05 7.58 X 10'^ 1.09 X 10'^ 141.59 0.98
9 708 2.41 8.78 X 10'^ 1.26x10'^ 141.07 0.98
10 807 2.74 9.89 X 10'^ 1.42 X 10'^ 140,64 0.98
11 906 3.08 1.10 X 10'^ 1.57 X 10'^ 140.24 0.98
12 1009 3.43 1.21x10'^ 1.73 X 10'^ 139.87 0.98
13 1116 3.79 1.32x10-^ 1.88 X 10'^ 139.52 0.98
14 1213 4.12 1.42 X 10-2 2.01 X 10'^ 139.22 0,98
From data in Table 3.18, the average value of the conductivity cell constant in 
water at 298.15 K was found to be 0.99 ± 0.02 cm'^
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3.4.2.2 Conductometric measurements at different concentrations of acid 
herbicides at 298.15 K in various solvents.
Conductance measurements on acid herbicides at different concentrations in 
valions solvents were performed to establish the nature of the spéciation in these 
solvents.
It has been demonstrated that acid herbicides ai e predominantly associated in non- 
aqueous media^^^. Therefore conductance data for these compounds are expected 
to be relatively low. This is corroborated by the data obtained for a few systems in 
non-aqueous media. Thus plots of molar conductance (Am, S cm^ mof^) against 
c*^  ^ (where c is the concentration on the molar scale) are shown for 2,4- 
dichlorophenoxyacetic acid in acetonitrile, methanol and N,N-dimethylformamide 
at 298.15 K. (Fig 3.14 -3.16 respectively).
s
Fig. 3.14 Molar conductance of 2,4-dichlorophenoxyacetic acid in acetonitrile 
against the square root of its concentration at 298.15 K
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Fig. 3.15 Molar conductance of 2,4-dichlorophnoxyacetic acid in methanol 
against its square root of the concentration at 298.15 K
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Fig. 3.16 Molar conductance of 2,4-dichlorophenoxyacetic acid in N,N- 
dimethylformamide against the square root of its concentration at
298.15 K
However it was thought of interest to carry out conductometric titrations to assess 
the possibility of /) establishing the composition of the calixarene-acid herbicide
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complex and //) of deriving the association constant, Ka, and protonation constant 
Kp.
3.4.2.3 Conductometric interaction of the 5,ll,17,23-tetra-^ert-butyl-25,27- 
bis(diethylamino)ethoxy-26,28-dihydroxy calix[4]arene with acid
herbicides
The low conductance values shown in the preceding Section (Figs. 3 .14-3 .16) 
are indicative that acid herbicides are highly associated in acetonitrile, methanol 
and N,N-dimethylformamide. Given that despite their high association, these 
compounds still show that some ions are present in solution, conductometric 
titrations were carried out in an attempt to assess the interaction of acid herbicides 
with the partially substituted calix[4]arene derivative (neutral ligand).
Thus conductometric experiments for the titration of acid herbicides (naphthalene 
acetic acid, NA, 2,4-dichlorophenoxyacetic acid, 2,4-D, 2,4,5-trichlorophenoxy- 
acetic acid, 2,4,5-T, 2,3,6-trichlorophenylacetic acid, 2,3,6-T, 2-(2,4-dichloro- 
phenoxy)propionic acid, DP, 2-(2,4,5-trichlorophenoxy)propionic acid, 2,2,4,5-T 
and 4-(2,4-dichlorophenoxy)butyric acid, BU) with calix[4]arene amino 
derivative were carried out.
Conductometric curves for the titration of the acid herbicides with Li in 
acetonitrile at 298.15 K are shown in Figs 3.17 -  3.23 respectively. These are 
plots of molar conductances (Am, S cm^ mol'^) against the ligandiacid (NA, 2,4-D,
2,4,5-T, 2,3,6-T, DP, 2,2,4,5-T and BU) concentration ratio. Inspection of these 
titration curves shows that for all acid herbicides (except naphthalene acetic acid) 
in acetonitrile there is a marked increase in Am values (from A to B) as the 
titration proceeds with a clear break at the molar concentration ratio of 0.5 
indicating that each ligand unit takes up two protons. Indeed this increase in 
conductance reflects that the addition of the macrocycle (non electrolyte) to the 
acid herbicide substantially increases ion formation in solution. This may be
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attributed to a proton transfer reaction from the acid to the calixarene amine 
derivative. This effect is hardly detected when naphthalene acetic acid is involved 
and must be attributed to the absence of chlorine substituents in its structure. In 
most cases, there is a further increase in conductance from B to C. The addition of 
an excess of ligand to the solution displaces the equilibrium (Eq. 3.10)
(MeCN)+L(MeCN) —^  (2H^L)(MeCN) 
to the right and as a result the conductance increases.
(3.10)
<PHI 20.00
§
s
0.00 0 .5 0 1.00 1 .5 0 2.00 2 .5 0 3 .0 0 3 .5 0
1L1/1A1
Fig. 3.17 Conductometric curve for the titration of 2,4-dichlorophenoxy­
acetic acid with bis(N,N-diethylamine)ethoxydihydroxylcalix- 
[4]arene in acetonitrile at 298.15 K
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Fig. 3.18 Conductometric curve for the titration of naphthalene acetic 
acid with bis(N,N-diethyIamine)ethoxydihydroxylcalix[4]arene 
in acetonitrile at 298.15 K
10.0 -p
8.0 --
1
6.0 --
4 .0  - -
2.0 --
0.0.
0.00 0 .5 0 1.00 2.001 .5 0 2 .5 0 3 .0 0 3 .5 0
Fig. 3.19 Conductometric curve for the titration of 2-(2,4-
dichlorophenoxy) propionic acid with bis(N,N-diethylamine)-
ethoxydihydroxylcalix[4]arene in acetonitrile at 298.15 K
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Fig. 3.20 Conductometric curve for the titration of 4-(2,4- 
dichlorophenoxy)butyric acid with bis(N,N-diethylamine)ethoxy 
dihydroxylcalix[4]arene in acetonitrile at 298.15 K
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Fig. 3.21 Conductometric curve for the titration of 2,4,5-trichlorophenoxy
acetic acid with bis(N,N-diethylamine)ethoxydihydroxylcalix[4]
arene in acetonitrile at 298.15 K
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Fig. 3.22 Conductometric curve for the titration of 2-(2,4,5-trichloro- 
phenoxy)propionic acid with bis(N,N-diethylamine)ethoxydi- 
hydroxylcalix[4]arene in acetonitrile at 298.15 K
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Fig. 3.23 Conductometric curve for the titration of 2,3,6-trichlorophenyl-
acetic acid with bis(N,N-diethylamine)ethoxydihydroxylcalix-
[4] arene in acetonitrile at 298.15 K
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In order to assess the medium effect on the interaction of acid herbicides with bis- 
(N,N-diethylamine)ethoxydihydroxylcalix[4]arene, conductometric titrations were 
carried out in methanol and N,N-dimethylformamide at 298.15 K and data in 
methanol are shown in Figs 3.24 -  3.30. Like in acetonitrile, the addition of the 
ligand to the acid leads to an increase in the molar conductance for all acid 
herbicides with a clear brealc at the molar concentration ratio of 0.5. These results 
indicate that two acid units interact with one ligand unit. Again this increase in the 
molar conductance, Am, may be attributed to an increase in the formation of ionic 
species in solution as a result of a proton transfer reaction from the acid to the 
ligand.
Cl
O H
I
I
20.0 • -
0,00 0 .2 5 0 ,5 0 0 .7 5 1 .2 5 1 .5 0 1 .7 5
Fig. 3.24 Conductometric curve for the titration of 2,4-dichIorophenoxy- 
acetic acid with bis(N,N-diethylamine)ethoxydihydroxyIcalix- 
[4] arene in methanol at 298.15 K
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Fig. 3.25 Conductometric curve for the titration of naphthalene acetic 
acid with bis(N,N-diethylamine)ethoxydihydroxylcalix[4]arene 
in methanol at 298.15 K
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Fig. 3.26 Conductometric curve for the titration of 2-(2,4-dichloro-
phenoxy)propionic acid with bis(N,N-diethylamine)ethoxydi-
hydroxylealix- [4]arene in methanol at 298.15 K
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Fig. 3.27 Conductometric cui*ve for the titration of 4-(2,4-dichloro- 
phenoxy)butyric acid with bis(N,N-diethyIamine)ethoxydi- 
hydroxylcalix[4]arene in methanol at 298.15 K
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Fig. 3.28 Conductometric curve for the titration of 2,4,5-dichlorophenoxy
acetic acid with bis(N,N-diethylamine)ethoxydihydroxylcaIix-
[4]arene in methanol at 298.15 K
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Fig. 3.29 Conductometric curve for the titration of 2-(2,4,5-trichioro- 
phenoxy)acetic acid with bis(N,N-diethylamine)ethoxydihy- 
droxylcalix-[4]arene in methanol at 298.15 K
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Fig. 3.30 Conductometric curve for the titration of 2,3,6-trichIorophenyI 
acetic acid with bis(N,N-diethylamine)ethoxydihydroxylcalix- 
[4] arene in methanol at 298.15 K
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As far as N,N-dimethyIformamide is concerned, conductometric titrations cui-ves 
involving acid herbicides and bis(N,N-diethylamide)ethoxydihydroxycalix[4]arene 
in this solvent are shown in Figs. 3.31 -  3.37. Again the behaviour observed in N,N- 
dimethylformamide is similar to the one observed in acetonitrile and methanol. An 
increase in the molar conductance and a clear break at 0.5 ligand:acid herbicide 
molar ratio are observed, indicating that two units of acids is taking up by one 
ligand unit.
10.0
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&
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0.00 0 . 6 0 0 . 9 0 1.20 1 .5 0 1 .8 0 2.10 2 .4 0
1L1/[A1
Fig. 3.31 Conductometric curve for the titration of 2,4-dichlorophenoxyace- 
tic acid with bis(N,N-diethylamine)ethoxydihydroxylcalix[4]arene 
in N,N dimethylformamide at 298.15 K
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Fig. 3.32 Conductometric curve for the titration of naphthalene acetic acid 
with bis(N,N-diethyIamine)ethoxydihydroxyIcalix[4]arene in N,N- 
dimethvlformamide at 298.15 K
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Fig. 3.33 Conductometric curve for the titration of 2-(2,4-dichlorophenoxy)
propionic acid with bis(N,N-diethylamine)ethoxydihydroxyl-
calix[4]arene in N,N-dimethyIformamide at 298.15 K
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Fig. 3.34 Conductometric curve for the titration of 4-(2,4-dichIorophenoxy) 
butyric acid with bis(N,N-diethylamine)ethoxydihydroxylcaIiX" 
[4]arene in N,N“diinethylformamide at 298.15 K
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Fig. 3.35 Conductometric curve for the titration of 2,4,5-trichIorophenoxy 
acetic acid with bis(N,N-diethylamine)ethoxydihydroxylcalix[4]- 
arene in N,N-dimethylformamide at 298.15 K
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Fig. 3.36 Conductometric curve for the titration of 2-(2,4,5-trichlorophe- 
noxy)propionic acid with bis(N,N-diethylamine)ethoxydihydroxyl 
calix[4]arene in N,N>dimethylformamide at 298.15 K
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Fig. 3.37 Conductometric curve for the titration of 2,3,6-trichloro-
phenylacetic acid with bis(N,N-diethyIamine)ethoxydihydroxyl-
calix[4]arene in IV,N-dimethylformamide at 298.15 K
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3,4 2.4 Conductance studies of sodium salts of acid herbicides in non- 
aqueous media.
As demonstrated in the previous Section, the addition of the macrocycle to acid 
herbicides shows an increase in the molar conductance with a clear break at the 
0.5 stoichiometry. The outcome of this investigation led to the conclusion that
i) the two amino groups are protonated in these solvents,
ii) these data can be used to calculate the protonation constant, Kp, referred to 
the process in eq.3.11 and the association constant refened to the process 
shown in eq. 3.12^^ .^ In order to proceed with these calculations it was 
necessary to obtain quantitative information of limiting molar* conductance 
A!, of acid herbicides.
PH{s) + L { s ) - ^ ^ L H \ s )  + p -{s )  (3.11)
L H * { s ) + r { s ) - ^ ^ H * L P - { s )  (3.12)
However, for the calculation of the limiting molar conductance (A°m), of acid 
herbicides in the various solvents it was necessary to obtain data for the sodium 
salts in these solvents in which this are expected to behave as strong electrolytes.
Kohlraush^^^ demonstrated that the value of the limiting molar conductance of an 
electrolyte A°, can be expressed as the sum of the contributions from its individual 
ions. This is Icnown as the law of Independent Migration of Ions'^^(eq 3,13).
(3.13)
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In eq. 3.13 A" and Af are the ionic conductivity of the cation and anion 
respectively at infinite dilution and and v_ are the number of cations and 
anions per formula unit of electrolyte.
Therefore, the limiting molar conductance of acid herbicide can be defined by:
^^R C O O H  -  ~ ^ \ c O O -  (3.14)
In order to proceed with these calculations, the sodium salt of acid herbicides in 
dipolar aprotic (DMF) and protic (MetOH) media were used. The limiting ionic 
conductivity of the sodium ion ) in these solvents are well established'
Therefore corresponding data for the anion component of acid herbicides could be 
calculated using eq 3.15. As far as acetonitrile in concerned, the sodium salts of 
these acids were found to be not soluble enough in this solvent and therefore these 
studies were limited to methanol and N,N-dimethylformamide.
2 ~  A   ^ ^ (3.15)
Thus Figs. 3 .38-3 .47  show the Am values for the sodium salts of acid herbicides 
(naphthalene acetic acid, NA, 2,4-dichlorophenoxyacetic acid, 2,4-D, 2,4,5- 
trichlorophenoxyacetic acid, 2,4,5-T, 2,3,6-trichlorophenylacetic acid, 2,3,6-T 
and 4-(2,4-dichlorophenoxy)butyric acid, BU) at different concentrations in N,N- 
dimethylformamide and methanol at 298.15 K.
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y = -283.3s+ 48.401 
R> = 0.9991
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0.018 0.02 0.022 0.024 0.0261/2
Fig. 3.38 Molar conductance, A,„ of sodium 2,4-diclilorophenoxy acetate 
against the square root of the 
dimethylformamide at 298.15 K
jr>^ ^  y '
 molar concentration, c* in N,N-
45
^= -609.09*+  49.43 
: R* = 0.9956 i
40
25
0.015 ,1/2
Fig. 3.39 Molar conductance. Am of sodinm 4-(2,4-dichlorophenoxy^ butyrate 
against the square root of the molar concentration, c in N,N- 
dimethylformamide at 298.15 K
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Fig. 3.40 Molar conductance, Am of sodium 2,4,5-trichIorophenoxy acetate 
against the square root of the molar concentration, c^ ^^  in N,N- 
dimethylformamide at 298.15 K
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Fig. 3.41 Molar conductance, A„, of sodium naphthalene acetate against the
square root of the molar concentration, in N,N-
dimethylformamide at 298.15 K
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y = -388.48%+ 51 
R' = 0.9999
137
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Fig. 3.42 Molar conductance, Am of sodium 2,3,6-trichlorophenoxy acetate 
against the square root of the molar concentration, in N,N- 
dimethylformamide at 298.15 K
= -14Q.01x + 68.791 
R* =  0.9831
- 1/2
Fig. 3.43 Molar conductance. Am of sodium 2,4-dichlorophenoxy acetate 
against the square root of the molar concentration, in methanol 
at 298.15 K
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y = -110x + 72.61(4 
= 0.9929 !
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Fig. 3.44 Molar conductance, Am of sodium 4-(2,4-dichlorophenoxy) butyrate 
against the square root of the molar concentration, c^ ^^  in methanol 
at 298.15 K
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6 0 .5  - -
0 .015 0 .017 0.010 0.021 0 .023 0.025 0.027 0.020 0.031
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Fig. 3.45 Molar conductance, Am of sodium 2,4,5-trichIorophenoxy acetate 
against the square root of the molar concentration, c*^  ^ in methanol 
at 298.15 K
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Fig. 3.46 Molar conductance, A,„ of sodium naphthalene acetate against the 
square root of the molar concentration, c^ ^^  in methanol at 298.15 K
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Fig. 3.47 Molar conductance, Am of sodium 2,3,6-trichlorophenylacetate 
against the square root of the molar concentration c in methanol 
at 298.15 K
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As shown in Figs 3.38 -  3.47, straight lines were obtained in all cases in N,N- 
dimethylformamide and methanol, showing the conductance behaviour of strong 
electrolytes. Therefore the value at -  0 is taken as the limiting molar 
conductances, A^ , of these salts in these solvents at 298.15 K. These are shown in
Table 3.19. Values used for the in N,N-dimethylformamide and methanol at
298.15 are from the literatme^^^. Data for in N,N-dimethylformamide and 
methanol used are those reported in the literatuie^^^.
As far as sodium 2-(2,4-dichlorophenoxy) and sodium 2-(2,4,5-trichlorophenoxy) 
propionate salts are concerned, these were not included due to the difficulties 
encountered in their isolation.
Table 3.19 Limiting molar conductance of the sodium acetate salts in N,N
Ac.
Herbicide
N,N-dimethylformamide Methanol
A:
Sodium Salt 
(S cm  ^mol^)
A :
Ac. Herbicide 
(S cm  ^mol^)
A:
Sodium Salt 
(S cm  ^mol^)
A:
Ac. Herbicide 
(S cm  ^mol' )^
2,4-D 48.40 53.20 68.79 169.79
NA 48.26 53.06 65.40 166.40
BU 49.43 54.03 72.61 163.61
245-T 45.25 50.32 63.91 164,91
236-T 53.17 57.97 70.18 171.18
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The limiting molar conductance A" values of the acid herbicides in N,N-
dimethylformamide and methanol show that these are lower than the values 
reported for the common acids in these solvents (185.5 and 193.2 S cm  ^mol‘‘ for 
acetic and picric acid in methanol respectively and 72.1 S cm^ mof* for picric 
acid in N,N-dimethylformamide)^^°. However, these data are not unexpected 
taking into account that the acids herbicides are relatively large ions. Considering 
that the limiting molar conductance depend on the sum of the ionic contribution, 
the variations showed in the A" values for a given acid herbicide are the
consequence of the different ionic contribution of the anion. The larger A" values
observed in methanol relative to N,N-dimethylformamide can be attributed to the 
viscosity of the solvent.
Conductometric data shown in Table 3.19 together with those for the titration of 
5,11,17,23-tetra-^er^-butyl-25,27-bis(ethylamine)ethoxy-26,28-dihydroxycalix[4]- 
arene and different acid herbicides in N,N-dimethylformamide and methanol at
298.15 K (Figs 3.25 -  3.37) are used for the derivation of the protonation Kp, the 
association Ka and the adduct formation Kov, constants. Thus previous treatment 
developed by Danil de Namor and co-w orkersdiscussed in the introduction 
referred to the interaction of parent calixarenes and amines (1:1 stoichiometry) is 
extended to involve the transfer of two protons from the acid herbicide to the 
partially substituted calix[4]arene amino derivative and this is now discussed.
3.4.3 Treatment of Conductance Data: Mathematical Approach
Conductance data in the initial portion of the titration curves between 5,11,17,23- 
tetra-rerf-butyl-25,27-bis(ethylamine)ethoxy-26,28-dihydroxycaIix[4]arene and 
different acid herbicides in N,N-dimethylformamide and methanol at 298.15 K, 
were used to determine equilibria data for the following processes,
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For the formation of the 1:2 (ligand:acid herbicide) complex, it is assumed that 
the following individual processes take place. For simplicity the acid herbicide is 
denoted as HA.
HA{s) + 1(^) - > H L \s )  + (3.16)
HL* (s) + A- {s) — > HLA(s) (3.17)
HLA{s) + H A{s)- - IS- >H ^Ü A{s) + A~{s) (3.18)
H ^Ü A{s) + A~ (s) > H^LA, {s) (3.19)
Combination of eqs 3.16 -  3.19 gives the formation of the 1:2 (ligand:acid 
molar ratio) adduct.
2HA{s ) + L{s ) - ^ ^ H ^ L Â 2 { s) (3.20)
The individual equilibrium constants for the processes represented in eqs 3.16 
-3.20 are defined as follows;
a) The first proton transfer reaction, Kpi (eq 3.16),
(3.21)
b) The first association process, Kai (eq 3.17),
[ H L A \ { s ) y ^K i  =  —  (3.22)
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c) The second proton transfer reaction, Kp2  (eq. 3.18),
d) The second association process, Ka2  (eq. 3.19)
K  = H^LA^
e) The adduct at 1:2 (ligand:acid molar ratio), Ks (eq. 3.20)
In eqs 3.16 -  3.25; HA, L , [HH],  A~, [HLA], [H lÜ A\, and s
denote the undissociated acid herbicide, the ligand, the protonated ligand (1:1 
stoichiometry), the anion, the associated 1:1 ligand-acid complex, the partially 
associated protonated 1:1 ligand:acid complex, the fully associated 1:2 
ligand:acid complex, respectively. Activity coefficients aie denoted by y .
For the calculation of the concentrations of all species involved in eqs. 3.21 -
3.25 the activity coefficient of the uncharged ligand , was considered equal
to unity, while the activity coefficient of the acid herbicides the
protonated ligand, y _ and the acid herbicide anion are assumed to be
equal to unit at very low concentrations.
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To derive data for the individual concentrations, mass balance for the ligand 
(Cl) and acid herbicide (C?) and char ge balance requirements were used (eqs
3.26 and 3.27)
= A + HLA + H 2 LA2 (3.26)
= 2HA + HLA + H 2 LA2  (3.27)
In eqs. 3.26 and 3.27 and are the total molar concentration of ligand 
and acid herbicide respectively.
For the data treatment, the method developed by Salomon et.al^^^ was applied 
in which the basic relation obtained for the acid herbicide concentration is the 
3*^  ^order polynomial equation described as follows,
t b , [ H ; Y = 0  (3.28)
j = 0
In eq 3.28, by are constants containing the equilibrium constants Ksi and Kst 
and the total concentrations of [HA] and [L]. Eq 3.28 was solved by the 
Newton-Raphson iteration method
The system is treated as a combination of two independent salts, the 
uncomplexed and complexed salts. Therefore the total molar conductivity, A, 
of the solution is the sum of the contributions from the uncomplexed, (Ai), 
and the complexed, (A2), electrolytes. In addition, the ion-pair formation of 
both, the single and complexed ions is considered.
A = ctAj 4- (1 — <x )K.2 (3.29)
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The degree of ionisation (a) was derived by the following relation,
and A° are the molar conductance at given concentration and the molar 
conductance at infinite dilution respectively.
Eqs. 3.16-3.25 were used to calculate the equilibrium constants Kaj, Ka2, Kpi 
and Kp2  and then adjusted in a manner which minimised the variance U
nU ~ S ~  Kalcd f  (3.31)
n=\
According to Sillen^^\ the shape of a plot against one of the variable 
parameters, keeping the remaining parameters of the interaction constant, is 
described as a “pit” with a minimum value Uq. The standard deviation for 
each variable is obtained from the following equation
In eqn 3.32, n is the total number of data and N are the degrees of freedom. 
For a given variable /c, the best value occurs at U = Uq
The proton transfer constant, Kp, association constant, Ka and the overall 
process constant, Kg in N,N-dimethylformamide and methanol at 298.15 were 
calculated from conductance data and the limiting molar conductance, A° (S
cm^ moF^) using a excel work sheet developed at the Thermochemistry 
laboratory.
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Table 3.20 Association, proton transfer and adduct formation constants for acid 
herbicides in N,N-dimethyIformamide at 298.15 K
Kpi Kp2 Kp Kai Ka2 Ka K qvI Kov2 Kov
NA 2.11 1.29 3.40 4.15 3.23 7.38 6.26 4.52 10.78
2,4-D 2.63 2.09 4.72 3.19 2.39 5.58 5.82 4.48 10.30
BU 1.52 1.31 2.83 4.10 3.26 7.36 5.62 3.52 9.14
245-T 2.49 2.11 4.60 3.29 2.05 5.34 5.58 4.46 10.04
236-T 2.27 1.98 4.25 3.24 2.16 5.40 5.31 4.34 9.65
Abbreviations; NA, 1-Naphthalenacetic acid; 2,4-D, 2,4-DichloropIienoxyacetic acid; BU, 4-(2,4- 
Dichlorophenoxy)butyric acid; 245-T, 2,4,5-Trichlorophenoxyacetic acid; 236-T, 2,3,6- 
Triclilorophenylacetic acid.
Table 3.21 Association, proton transfer and adduct formation constants for acid 
herbicides in methanol at 298,15 K
Kpi Kp2 Kp Kai Ka2 Ka K qvI Kqv2 Kov
NA 2.12 2.03 4.15 3.81 2.94 6.75 5.93 4.97 10.90
2,4-D 2.52 2.31 4.83 3.13 1.95 5.08 5.65 4.26 9.91
BU 2.21 1.70 3.91 4.02 3.18 7.20 6.43 5.28 11.71
245-T 2.48 2.38 4.86 3.19 1.98 5.17 5.67 4.36 10.03
236-T 2.30 2.28 4.58 3.19 2.11 5.30 5.75 4.87 10.62
Abbreviations: NA, 1-Naphthalenacetic acid; 2,4-D, 2,4-DichIorophenoxyacetic acid; BU, 4-(2,4- 
Dichlorophenoxy)butyric acid; 245-T, 2,4,5-Trichlorophenoxyacetic acid; 236-T, 2,3,6- 
Trichlorophenylacetic acid.
It is important to point out that the standard deviation calculated using equation 
3.32 was found to be less than 0.1 in all the cases considered.
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The data presented in Tables 3.20 and 3.21 are the average of at least three 
separate conductometric titrations.
From the data presented in Tables 3.20 and 3.21 it can be seen that the association 
constant obtained is higher than the proton transfer constant, suggesting that, in 
the overall process of these acid herbicides with the calix[4]arene amine 
derivative, the contribution of association process is higher than that for the 
proton transfer process.
Comparison of data in N,N-dimethylformamide (Table 3.19) and methanol (Table 
3.20) show that as far as association constants are concerned in both solvents, Kai 
values are greater than Ka2 values. This can be attributed to the fact that ions 
which are highly solvated in a given solvent are likely to be less readily available 
for ion-pair in that medium. Consequently the monoprotonated ligand is less 
solvated than the diprotonated one. Therefore this would be more likely to form 
an ion-pair in that medium. It is also shown that in both solvents, Kpi values are 
greater than Kp2 values due to the free ligand being less solvated than the 
complexed ligand. Consequently it will be more likely to interact with the acid 
herbicide.
N,N-dimethylformamide is a protophilic dipolar aprotic solvent and therefore is 
not a good solvator for the amino groups of the calixarene derivative, while a 
protic solvent such as methanol is able to enter hydrogen bond formation with the 
amino functional groups of the calix[4]arene amino derivative. As a result, the 
amino groups of the ligand are likely to be better solvated in methanol than N,N- 
dimethylformamide. Therefore ion-pair formation may be slightly favoured in the 
latter relative to the former solvent. As far as the medium effect is concerned, 
although the AtG° value of the ligand from acetonitrile to methanol and to N,N- 
dimethylformamide indicate that this receptor is better solvated in DMF than in 
MeOH, this value does not provide information on the solvation of the specific 
components of the ligand and their interaction with the solvent.
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Attempts were made to understand these data, taking into account the pKa values 
of the acid herbicide and the corresponding data for calixarene amine in a given 
solvent will be the same. Given that no data are available in the literature 
regarding the pKa values of these acid herbicides in N,N-dimethylformamide or 
indeed methanol, the pKa values of these herbicides in water are considered. It 
should be emphasised that the trend in pKa values in the non-aqueous solvents 
would be the same as in water. Thus Figs 3.49 and 3.50 show plots of Kp values 
in N,N-dimethylformamide and in methanol respectively against the pKa values 
of these acid herbicides in water at 298 K. Straight lines are obtained in both cases 
demonstrating the decrease in the Kp values as the dissociation of the acid 
decreases. Thus the trend observed in terms of Kp values is as follows 2,4-D > 
245-T > 236-T > NA > BU.
6
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2,4-D
245-T
•  236-T
NA
3
BU;
2
2.0 2.5 3.0 4.03.5 4.5 5.0 5.5
log Kass
Fig.3.49 Correlation of ligand:acid herbicide proton transfer constant (Kp) in 
N,N dimethylformamide against the log Kass values of acid 
herbicides in water
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Fig.3.50 Correlation of ligand:acid herbicide proton transfer constant (Kp) in 
methanol against the log Kass values of acid herbicide in water
As far as the association constants in N,N-dimethylformamide (Fig. 3.51) and 
methanol (Fig. 3.52) are concerned, Ka values for ligand:acid (overall value) are 
plotted against log Kass of these herbicides in water at 298 K. These figures show 
that Ka values increase as the association of the acid herbicides in water increase.
s
BU• NA7
Uf 6
2,4-D *
5
4
2.0 2.5 3.0 4 03 5 4.5 5.0 5.5
log Ka
Fig.3.51 Correlation of ligand:acid herbicide association constant (Ka) in N,N 
dimethylformamide against the log Kass values of acid herbicide in water.
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Fig.3.52 Correlation of Iigaiid:acid herbicide association constant (Ka) in 
methanol against log the Kass values of acid herbicide in water
From the above discussion it is concluded that
i) A treatment has been developed for the calculation of the transfer of two 
protons from the acid to the calixarene amine and their association constants 
in dipolar aprotic (N,N-dimethylformamide) and protic media (methanol)
ii) As far as the proton transfer in N,N-dimethylformamide and methanol is 
concerned, in both solvents, Kp values decreases as the dissociation of the 
acid decreases. Thus Kp follows the sequence, 2,4-D > 245-T > 236-T > NA 
>BU.
in) The association of the ligandracid herbicide complex in N,N- 
dimethylformamide and methanol increases as the strength of association of 
the acid increases.
iv) The mathematical treatment developed by Danil de Namor and co-workers 
for a 1:1 process has been extended to the calculation of processes in which 
two acid moieties interact with one ligand, (2:1 stoichiometry).
Having determined the ligand:acid herbicide stoichiometry and established the
extent of interaction between the acid herbicides and the calix[4]arene amine
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derivative, attempts were made to introduce the macrocycle into a solid support 
and this is discussed in the next Section.
3.5 Attachment of calix[4]arene amino derivatives to a solid support.
The removal of pollutants from the environment has been investigated for many 
years and the remediation methods employed are based on the use of i) materials 
which are not selective enough or ii) micro-organisms or enzymes that are not 
strong enough. Therefore these can be easily destroyed if the surrounding 
environment is too harsh. These methodologies have limitations as far as the 
removal of acid herbicides is concerned. In recent years, the tendency to employ 
stable synthetic or natural matrices for the removal of pollutants from ecosystems 
has increased. Representative examples are the use of chelating resins for the 
extraction of toxic metal cations, catalytic or ion exchange reactions
The approach used in this thesis involves the immobilisation of the partially and 
the fully substituted calix[4]arene derivatives using silica as the solid support. The 
aim is to use the modified silica for the removal of acid herbicides from water. 
The attachment of the ligand to the silica was carried out through the ^ -position of 
the calix[4]arene derivative. This position was selected with the aim of leaving the 
functional arms of the macrocycle untouched and therefore free to interact with 
the acid herbicides.
Thus Scheme 3.2 shows the pathway for the synthesis of the calix[4]arene amine 
derivative anchored on the solid support, which can be divided in three main 
parts,
i) Synthesis of the calix[4]arene amine derivative with an aldehyde moiety, (See 
steps 1,2 and 3 in Scheme 3.2).
ii) Modification of the solid support by the insertion of a suitable functional 
group which has two functions, to serve as an spacer unit and as a link group
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Part 1
Synthesis of the aldehyde 
callx[4]areneamine derivative OH step 1
4 ^ ^
OH
Step 2
OH
Part 2
Modification of the 
solid supportStep 3
Step 4
Step 5
,NH .NH
,0  OH
Part 3 ^  ^
Attachment of the calix[4]arene amine 
derivative to the solid support
Scheme 3.2 Pathway for the attachment of the calix[4]arene amino derivative to the 
solid support
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between the calix[4]arene amine derivative and the solid support, (step 4 in 
Scheme 3.2)
in) Attachment of the calix[4]arene amine derivative into the solid support (step 5 
in Scheme 3.2).
Each of the above steps is discussed separately in the following sections.
As shown in Scheme 3.2, the preparation of the aldehyde calix[4]arene amine 
derivative involves three steps
i) Synthesis of 25,26,27,28-tetrahydroxycalix[4]arene (B) via ÙQ-tert-
butylation of/>-rer^butylcalix[4]arene (A).
ii) Synthesis of 25,27-dihydroxy-26,28-(diethylamine)ethoxycalix[4]arene
(C) and 25,26,27,28-(diethylamine)ethoxycalix[4]ai'ene (D).
iii) Synthesis of 5,17-dialdehyde-25,27-dihydroxy-26,28-(diethylamine)
ethoxycalix[4]arene (E) and 1-aldehyde-25,26,27,28-(diethylamine)- 
ethoxycalix[4]arene (F).
The modification of the solid support was performed by chemical treatment of the 
surface of the silica to obtain 3-aminopropyldimethylsilylane silica (J) using silica 
gel (I) as the starting material.
The attachment of the calix[4]arene amine derivative was achieved by a reductive 
amination of compounds E or F with compound J  to yield the solid materials (G 
and H) containing the partially or the fully calix[4]aiene amino derivatives 
respectively.
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3.5.1 Synthesis of 25,26,27,28-tetrahydroxycalix[4]arene via de- 
/er/-butylation
Scheme 2.3 shows the de-terbutylation of the cyclic tetramer to yield the de- 
terbutylated calix[4]arene. The procedure used is that reported by Gutsche*^ .^ It 
consists of addition of AlCls-catalyzed trans-alkylation in the presence of phenol 
and using toluene as solvent^^^’^ ^^ . The yield of this reaction was 90%.
O H
AlCL
O H
T o l u e n e
Scheme 3.3 Synthesis of 25,26,27,28-tetrahydroxycalix[4]arene via de- 
te/*/-butylation
1/y/
O H
J J U
P P M
Fig 3.55 H-NMR spectrum of 25,26,27,28-tetrahydroxycaIix[4]arene 
in CDCl3at298K
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The NMR spectrum (Fig 3.55) shows that the de-fer^-butylation of 
caiix[4]arene was performed due to the absence of the characteristic tert-hutyl 
peaks at 1.10 -  0.90 ppm and the presence of one triplet (6.75 ppm) in the 
aromatic region (corresponding to the new para phenolic protons) and one 
doublet (7.072 ppm) assigned to the proton in the ortho position in the phenolic 
ring.
The presence of two broad signals at 4.27 and 3.56 ppm corresponding to the 
methylene bridge (axial and equatorial respectively) indicates that tlie tetra 
hydroxyl calix[4]arene adopts a “cone” conformation in in CDCI3 at 298 K.
The elemental analysis was carried out on the final product (crystalline solid) and 
shows a good agreement between the theoretical and the experimental values (See 
Experimental Part, pag. 66).
3.5.2 Synthesis of 25,27-dihydroxy-26,28-(diethylamine)ethoxy 
calix[4] arene
The 25,27-dihydroxy-26,28-(diethylamine)ethoxycalix[4]arene was prepared as 
indicated in the Experimental Section. The synthetic procedure shown in Scheme 
3.4 was performed by treating the calix[4]arene with 2-diethylaminoethyl chloride 
hydrochloride in the presence of potassium carbonate and 18-crown-6 using 
acetonitrile as the reaction medium
CH,CN
OH
Scheme 3.4 Synthesis of 25,27-dihydroxy-26,28-(diethylaraine) 
ethoxycalix[4]arene
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^H-NMR studies indicate that this ligand has “cone” conformation in solution in 
CDCI3 at 298 K. Thus Aôax-eq was found to be 1.01 ppm, (Fig 3.56).
The ^H-NMR spectrum shows one single peak at 7.8 ppm corresponding to the 
hydroxyl group. The presence of the arm group attached to two phenolic units 
leads to changes in the electronic environment of the aromatic rings. Therefore 
two pairs of doublets were found at 7.07 and 6.85 ppm corresponding to the 
aromatic protons in meta position and a multiplet peak (6.68 ppm) corresponding 
to the protons in para position. These results indicate that partial substitution took 
place in this reaction.
The two triplets found at 4.05 and 3.10 ppm are assigned to the protons near the 
oxygen and the nitrogen donor atoms in the arm respectively. The two additional 
signals, one quartet and one triplet found at 2.70 and 1.12 ppm are assigned to the 
protons in the terminal ethyl chain.
11
y y r . \
3 4
1-2
T\y ?
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Fig 3.56 H-NMR spectrum of 25,27-dihydroxy-26,28-(diethylamlne)
ethoxycalix[4]arene in CDCI3 at 298 K
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3.5.3. Synthesis of 25,26,27,28-(diethylamine)ethoxycalix[4] arene
Full substitution of pendants arms was achieved following the procedure 
previously reported '^ .^
+  (CH3CH2)2NCH2CH2CI NaHTHF/DMF
Scheme 3.5 Synthesis of 25,26,27,28-(diethylamine)ethoxycalix[4]arene
Thus Scheme 3.5 shows the synthesis of 25,26,27,28-(diethylamine)ethoxy 
calix[4]ai'ene by treatment of de-^er^butylated calix[4]ai*ene with 2-diethylethyl 
chloride hydrochloride using a THF/DMF (80/20) solvent mixture as the reaction 
medium. NaH was aimed to deprotonate the phenolic groups.
The presence of two doublets in the  ^H-NMR. spectrum (Fig 3.57) at 4.44 and 3.17 
ppm for the axial and equatorial protons of the methylene bridge respectively 
indicates that this calixarene derivative has a flattened ‘cone’ conformation in 
CDCl3at298K.
The absence of the peak corresponding to the phenolic proton and the presence of 
both, one doublet and one multiplet corresponding to the aromatic protons 
indicate that full substitution was achieved.
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The protons corresponding to the pendant arms give two triplets (4.01 and 2.95 
ppm) for the aliphatic protons between the ethereal oxygen and the tertiary amine, 
one quartet (2.68 ppm) and one triplet (1.03) for the terminal ethyl group.
1 - 2
u J iJ aJ
I 1-------1------ 1-------1-------1------ 1-------1------ 1-------1-------1-------1-------1------ 1-------1-------1-------1-------1------ 1-------1-------1-------r
\\
-|--1--1-- '--1---1--r3 2 “I—I— I—I— I—1 PPM
Fig 3.57 H-NMR spectrum of 25,26,27,28-(diethylamine)ethoxy 
calix[4]arene at 298 K in CDCI3
3.5.4. Synthesis of 5,17-dialdehyde-25,27-dihydroxy-26,28-(diethyl 
amine)ethoxycalix[4]arene
The formylation reaction of calix[4]arene amine derivative was performed by 
reacting 25,27-dihydroxy-26,28-(diethylamine)ethoxycalix[4]arene with a,a- 
dichloromethyl methyl e t h e r a s  shown in Scheme 3.6. The reaction was carried 
out in the presence of SnCU. Dichloromethane was used as the reaction medium.
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2 +  CIgCHOCH
OH
Sn CL
3 CUCH, OH
Scheme 3.6 Synthesis of 5,17-dialdehyde“25,27"dihydroxy-26,28-(di 
ethylamine)ethoxycalix[4]arene
The presence of one singlet at 9.80 ppm corresponding to the aldehyde group 
confirms that the reaction was successfully performed. A change in conformation 
of this compound is observed due to the presence of the aldehyde group in the 
upper rim. This is confirmed by the Aô(ax-eq) value of 0.95 ppm which indicates 
that the ligand adopts an almost perfect “cone” conformation in solution.
The differences between the NMR spectra of the starting material and that for 
the upper rim aldehyde calixarene derivative suggest that the conformational 
changes taking place are mainly occurring on the aromatic ring as shown in the 
chemical shift changes of the aiomatic protons (Fig 3.58).
The presence of the aldehyde moiety in the upper ring of the macrocycle induces 
significant changes in the chemical shifts of the aromatic rings. This is shown by 
the singlet and the doublet observed at 7.64 and 6.92 ppm respectively. These are 
assigned to the protons in the ortho position respect to the phenoxy oxygens in the 
aromatic rings.
The aliphatic region does not show significant changes when compared with the 
starting compound. Thus two triplets (4.06 and 3.05 ppm) corresponding to the
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ethoxy proton groups, one quartet (2.69 ppm) and one triplet (1.11 ppm) for the 
terminal ethyl group are found. These data indicate that the electronic 
environment of the pendant arm is not affected by the presence of the aldehyde 
moiety in the upper rim.
The values obtained from elemental analysis carried out on the final product are in 
good agreement with the calculated values (See Experimental Section, pag. 70).
V
7 5 8
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Fig 3.58 H-NMR spectrum 5,17-dialdehyde-25,27-dihydroxy-26,28- 
(diethyl-amine)ethoxycaIix[4]arene in CDCI3  at 298 K
3.5.5. Synthesis of 5“aldehyde-25,26,27,28-(diethylamine)ethoxy 
calix[4]arene
The formylation reaction of the fully substituted calix[4]arene amine derivative by 
treatment of the 25,26,27,28-(diethylamine)ethoxy calix[4]arene with a ,a
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dichloromethyl methyl ether and tin(VI) chloride in dichloromethane is shown in 
Scheme 3.7^^^
+  CLCHOCH.
O
SnCL
CHgClg
Scheme 3.7 Synthesis of 5-aldehyde-25,26,27,28-(diethyIamme)ethoxy 
calix[4]arene
The NMR spectrum of 5-aldehyde-25,26,27,28-(diethylamine)ethoxy 
calix[4]arene (Fig. 3.59) shows a singlet at 9.48 ppm corresponding to the 
aldehyde proton. Another singlet found at 6.93 ppm is assigned to the proton next 
to the aldehyde moiety. Due to the change on the electronic environment, three 
multiplet signals are also observed. These correspond to the aromatic protons 
{ortho and para protons with respect to the phenoxy group of the non-formylated 
aromatic rings).
The presence of two pairs of doublets corresponding to the axial and equatorial 
protons and the distortion in the signals for the arm group are due to the presence 
of the aldehyde group in one aromatic ring which breaks the symmetiy of the 
fully substituted calix[4]arene amine derivative molecule.
From the NMR information obtained it can be concluded that the formylation 
in one of the aromatic rings was achieved. This conclusion is supported by 
elemental analysis, which is found to be in good agreement with the theoretical 
values (See Experimental Part, pag. 71).
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Fig 3.59 H-NMR spectrum of 5-aldehyde-25,26,27,28-(diethyl- 
amine)ethoxycalix[4]arene in CDCI3  at 298 K
3.5.6 Synthesis of 3-aminepropyldiniethylsilylane siliea^ ^^  ^^®
Modification of the silica surface relates to all the processes leading to changes in 
the chemical composition of the surface of silica. There are two currently methods 
used for modifying the surface of sil ica*These are i) physical methods which 
lead to changes in the silanohsiloxane concentration ratio on the surface of silica 
and ii) chemical treatments which alter the chemical composition of the silica 
surface.
As far as chemical modification is concerned, the silica surface can be modified 
by two different processes, /) using an organic functional group as the modifying 
agent (organo-fuctionalization) and ii) anchoring on the silica’s surface, an 
organometallic composite or a metallic oxide (inorgano-fuctionalization)*^^.
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The chemical modification of the surface of silica involves the reaction of the 
hydroxyl group of silica with silane coupling reagents. These act as precursors for 
further immobilization of organic molecules^^^/^^. The silylating agent reacts with 
the silanol groups on the surface in a one step process allowing the surface to 
embrace many functional groups. Scheme 3.8 shows the synthesis of 3- 
aminepropyldimethylsilylane silica obtained from treatment of silica with 3- 
aminepropyltriethylsilylane in toluene.
OH
MeO 
McO— ySi 
MeO
*NH, MeO OMe
HjN
Scheme 3.8 Synthesis of 3-aminepropyldimethylsilylane silica
The values found in the elemental analysis are in good agreement with the 
theoretical values (Table 3.22) indicating that the synthesis of 3-aminopropyl- 
dimethylsilane silica was successful.
Table 3.22 Elemental analysis data of 3-aminepropyldimethylsilane 
silica
% C % H % N
Theoretical 3.47 0.81 0.82
Found 3.36 0.75 1.00
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The quantification of the content of flinctional groups attached to the solid support 
was performed talcing into account the ability of the amine groups to be 
protonated. An acid-base back titration^"^  ^ was carried out with the aim of 
determining the amount of amine groups per gram of the solid support.
Table 3.23 Quantification of amine groups on the solid support surface by 
acid-base back titration with hydrochloric acid and sodium 
hydroxide
m of 
modified 
silica (g)
Vol. of HCl (ml) 
9.92 X 10  ^
(mol dm^)
Vol. of NaOH (ml) 
9.96 X 10^ 
(mol dm^)
Content of amine 
groups (mmol) per 
g of material
0.10715 2.00 1.18 0.77
0.09286 2.00 1.31 0.74
0.09513 2.00 1.28 0.76
0.09875 2.00 1.30 0.71
0.09632 2.00 1.27 0.76
Average 0.75 ± 0.02 mmol/g
Table 3.23 shows the mass of modified silica (g), the volumes and molar 
concentrations of HCl and NaOH used in each acid-base back titration. The 
content of amine groups in mmol pet gram of modified material (silica) was taken 
as the average of the values reported in this Table (0.75 ± 0.02 mmol of amine per 
gram of solid support).
Taking into account that the nitrogen value reported in the elemental analysis, 
represents the total percentage of the primary amine attached on the silica surface,
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the amine groups content on the solid material surface was calculated (0.71 mmol 
of amine group per gram of the solid support) and this is in good agreement with 
the values obtained from the acid-base back titration.
3.5.7 Anchoring calix[4]arene derivatives to modified silica*^ '^*^ ^
When an aldehyde is treated with a primary or secondary amine in the presence of 
hydrogen ions and a hydrogenation catalyst, reductive alkylation of the amine (or 
reductive amination of the carbonyl group) takes place according to the 
mechanism for this reaction proposed by McMurry^^°. Thus the amine attacks the 
carbonyl group in a nucleophilic addition reaction to form an intermediate product 
(carbinolamine) which loses water to give an imine. Finally, catalytic reduction of 
the imine, yields the alkylated amine. (Scheme 3.9).
Rt
OH NR2 R2NH
-H R1— ^  R1— CH
R2NH H H
Scheme 3.9 Mechanism of reductive amination of a primaiy amine and an 
aldehyde
The synthesis of the aldehyde calix[4]arene amine derivative (partially and fully 
substituted) and the modification of the silica’s surface with aminopropyl silane 
have been discussed above.
With the aim of grafting the calix[4]arene derivatives onto the modified solid 
support by reductive amination, the final products of the first and second parts of 
the synthetic pathway shown in Scheme 3.2 was used.
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H, N
+
O H O
M c O
NH
O H O
Scheme 3.10 Synthesis of the solid supported calix[4] arene derivative
Scheme 3.10 shows the synthesis of the solid supported calix[4]arene amine 
derivative (Fig. 3.59) by treatment of 3-aminopropyisilane silica with 1,13- 
dialdehyde-25,27-dihydroxy-26,28-(diethylamine)ethoxy calix[4]arene or 5- 
aldehyde-25,26,27,28-(diethylamine)ethoxy calix[4]arene in the presence of 
sodium cyanoborohydride and hydrochloric acid in methanol.
OMeMeO'
,NH
OH
MeO' OMe
,NH
(a) (b)
Fig 3.59 Schematics representation of (a) solid support containing the 
partially substituted calix[4]arene amine derivative and (b) 
solid support containing the fully substituted calix[4]arene 
amine derivative.
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The found values (Tables 3.24 and 3.25) obtained from the elemental analysis of 
the dry final products are in good agreement with the calculated values.
Table 3.24 Microanalysis data for the solid material containing calix[4]arene 
partially amine derivative
% c % H % N
Theoretical 20.58 2.57 1.85
Found 20.63 2.65 1.79
3.25 Microanalysis data for the solid material containing calix[4]arene 
fully amine derivative
% C % H % N
Theoretical 18.07 2,34 1.81
Found 17.93 2.38 1.92
Using the amine groups content values of 3 -aminepropyldhnethylsilane silica and 
the values obtained from the elemental analysis of the dry final product, the 
content of calix[4]arene amine derivative attached on the modified silica was 
calculated.
The quantification of the calix[4]arene content in the solid material was 
performed by acid-base back titration taking into account the basic property of 
amines.
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Tables 3.26 and 3.27 report the mass of calix[4]arene attached to the solid 
material, the volume of HCl used to protonate the amino groups contained in the 
material, the volume of NaOH used to titrate the excess of HCl and the total 
content of amine groups per gram of solid support respectively.
Table 3.26 Total amino group content in silica modified by calix[4]arene partially 
amino derivative.
Modified 
silica (g)
Vol. of HCl 
(9.92 X 10  ^mol dm )^
Vol. of NaOH 
(9.96 X 10  ^mol dm )^
Amine groups per g of 
material 
(mmol/g of material)
0,10048 3.00 1.36 1.63
0.09946 3.00 1.42 1.59
0.0998 3.00 1.38 1.62
0.08648 3.00 1.62 1.60
0.08156 3.00 1.72 1.57
Table 3.27 Total amino group content in silica modified by calix[4]arene fully amino 
derivative.
Modified 
silica (g)
Vol. of HCl 
(9.92 X 10^ mol dm^)
Vol. of NaOH 
(9.96 X 10^ mol dm^)
Amine groups per g of 
material 
(mmol/g of material)
0.11281 3.00 0.92 1.84
0.10306 3.00 1.18 1.77
0.09567 3.00 1.28 1.80
0.08376 3.00 1.50 1.79
0.07118 3.00 1.68 1.85
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The total content of amine groups on the modified solid materials by calix[4]arene 
amine derivative (paitially and hilly substituted) were obtained from the average 
of five acid-base back titrations. These are 1.60 ± 0.03 and 1.81 ± 0.04 mmol of 
amine groups per gram of solid material for the partially and fully substituted 
calix[4]arene respectively.
Taking into account that the total content of amine groups on the solid material At 
is the sum of the amine groups of the modified silica, Am, and those of the 
calix[4]arene amine derivative, Aca (eq 3.32)
(3.32)
Using the value of amine groups content on the modified silica, the content of 
calix[4]arene (partially and hilly) amine derivative was calculated.
Table 3.28 Amine groups contents on the calix[4]arene modified silicas.
Partially substituted 
calix[4]areiie attached to 
silica
Fully substituted 
ca!ix[4]arene attached to 
silica
Total amine groups content in 
calix[4] arene modified silica 
(mmol/g)
1.60 1.81
Amine groups content in 
modified silica (mmol/g) 0.75 0.75
Amine groups content in 
calix[4] arene modified silica 
(mmol/g)
0.85 1.06
155
Chapter 3: Results and Discussion
In Table 3.28 the contents of amine groups in the solid material modified by 
calix[4]arene amine derivative (partially and fully substituted) are reported.
Having successfully attached the calix[4]arene amine derivatives to the solid 
matrix and quantified the content of amine groups per gram of solid material, the 
capacity of the new materials to uptake acid herbicides from water is discussed in 
the following Section.
3.6. Extraction Experiments.
To demonstrate the efficiency of calix[4]arene modified silicas to remove acid 
herbicides from aqueous solution, extraction experiments were performed.
Fig 3.60 shows the extraction percentages of 2,4-dichlorophenoxyacetic acid 
taken up by the silica modified with the partially amine derivative. It also shows 
that the efficiency of the solid material to extract these chlorinated acids is around 
95%.
l U l0 I \ r—r —I I “ I “ 1 "n I I I I I I I r
7 14 21 28 35 42 49 56 63 70 77 84 91 98 105 112 119 126 133 140 147 154 161 168 175 182
Vol (ml)
Fig 3.60 Percentages of the 2,4-Dichlorophenoxyacetic acid taken up from 
aqueous solution by the silica modified with the partially 
substituted calix(4)arene amino derivative at 298 K
156
Chapter 3: Results and Discussion
Fig 3.61 shows the retaining capacity point used to calculate the removal capacity 
of the solid material (mmol of the acid herbicide per gram of the solid support). It 
is important to note that, /) before reaching the saturation point, efficiency of the 
material to extract the chlorinated acids is close to one hundred percent, ii) after 
the saturation point, the extraction decreases.
rpl (mol/l>
0  2 0  4 0  GO s o  1 00  1 2 0  1 4 0  1 6 0  16 0  2 0 0
Fig 3.61 Saturation capacity of the silica modified with the partially 
substituted calix[4]arene amine derivative to remove 2,4-di­
chlorophenoxyacetic acid from aqueous solution at 298 K
The behaviour for all acid herbicides was found to be quite similar and the 
differences in volumes of the aqueous solution needed to saturate the column 
containing the solid support was dependent on the concentration of the acid 
herbicide in aqueous solution.
All experiments were carried out under similar experimental conditions 
(temperature, (25 °C), flow rate of the solution, (1.5 dm  ^per min.) and pH (4 - 5)).
Figs. 3.62, 3.64 and 3.66 shows the percentage of extraction of 2-(2,4- 
dichorophenoxy)propionic, 4-(2,4-dichlorophenoxy)butyric and naphthalene 
acetic acids respectively by the partially calix[4]arene derivative anchored to 
silica.
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Vol (m l)Fig 3.42 Percentages of the 2-(2,4-dichlorophenoxy)propionic acid taken 
up from aqueous solution by the silica modified with partially 
substituted calix(4)arene amino derivative at 298 K
Figs 3.63, 3.65, and 3.67 show the uptake capacity for the silica modified with the 
partially amine derivative for 2-(2,4-dichlorophenoxy)propionic acid, 4-(2,4- 
dichlorophenoxy) butyric acid and naphthalene acetic acid respectively.
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Fig 3.63
200 
Vol (ml)
Saturation capacity of the silica modiOed with the partially 
substituted calix[4]arene amine derivative to remove 2 (2,4- 
dichlorophenoxy)propionic acid from aqueous solution at 298 
K
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Vol (ml)Fig 3.64 Percentages of the 4-(2,4-dichlorophenoxy)butyric acid taken up 
from aqueous solution by the silica modified with partially 
substituted calix(4)areue amino derivative at 298 K
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Fig 3.65 Saturation capacity of the silica modified with the partially 
substituted calix[4]areue amine derivative to remove 4 (2,4- 
dichloropheuoxy)butyric acid from aqueous solution at 298 K
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Fig 3.66 Percentages of the naphthalene acetic acid taken up from 
aqueous solution by the silica modified with partially substituted 
calix(4)arene amino derivative at 298 K
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Fig 3.67 Saturation capacity of the silica modifîed with the partially 
substituted calix[4]arene amine derivative to remove 
naphthalene acetic acid from aqueous solution at 298 K
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The ability of the fully substituted calix[4]arene amino derivative attached to 
silica to take up acid herbicides from aqueous solution was also investigated. Thus 
Figs. 3.68, 3.70, 3.72 and 3.74 show the percentages of extraction of 2,4- 
dichlorphenoxyacetic acid, 2-(2,4-dichlorophenoxy)propionic acid, 4-(2,4- 
dichlorophenoxy)butyric acid and naphthalene acetic acid respectively by the 
fully substituted calix[4]arene amino derivative from aqueous solution at 298 K.
It can be seen from Figs. 3.69, 3.71, 3.73 and 3.75 that the extraction of the above 
mentioned acid herbicides is around hundred percent before the saturation point.
100-r'I,
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Fig 3.68 Percentages of 2,4-Dichlorphenoxyacetic acid taken up from 
aqueous solution by the silica modified with the fully substituted 
calix[4]arene amino derivative at 298 K
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Fig 3.69 Saturation capacity of the silica modified with the fully 
substituted calix[4]arene amine derivative to remove 2,4- 
dichlorophenoxy acetic acid from aqueous solution at 298 K
10 .00  2 0 .0 0  3 0  0 0  4 0 .0 0  5 0 .0 0  6 0  0 0  70 .0 0  8 0  00  9 0  0 0  1 00  0 0  110 .00
Vol (ml)
Fig 3.70 Percentages of 2-(2,4-Dichlorophenoxy)propionic acid taken up 
from aqueous solution by the silica modified with the fully 
substituted calix[4]arene amino derivative at 298 K
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Fig 3.71 Saturation capacity of the silica modified with the fully 
substituted calix[4]arene amine derivative to remove 2- 
(2,4dichlorophenoxy)propionic acid from aqueous solution at 
298 K
Vol (ml)
Fig 3.72 Percentages of 4-(2,4-Dichlorophenoxy)butyric acid taken up 
from aqueous solution by the silica modified with the fully 
substituted calix[4]arene amino derivative at 298 K
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Vol (ml)
Fig 3.73 Saturation capacity of the silica modified with the fully substituted 
calix[4]arene amine derivative to remove 4-(2,4dichlorophenoxy)- 
butyric acid from aqueous solution at 298 K
Vol (ml)
Fig 3.74 Percentages of Naphthalene acetic acid taken up from aqueous 
solution by the silica modified with the fully substituted 
calix[4]arene amino derivative at 298 K
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S.OOE-03
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Fig 3.75 Saturation capacity of the silica modified with the fully 
substituted calix[4]arene amine derivative to remove 
naphthalene acetic acid from aqueous solution at 298 K
Tables 3.29 and 3.30 show the capacity of extraction of the above mentioned 
materials. Also reported in these Tables are the concentration and the volumes of 
solution used to saturate these materials.
Table 3.29 Capacity of extraction of the solid supported calix[4]arene 
partially amine derivative
Pesticide Concentration (mol dm-3) Vol. (ml)
Capacity of the 
material 
(mmol/g of material)
2,4-Diehlorophenoxy 
acetic acid 1.03 X  10'^ 140 0.27
2-(2,4-Dichlorophenoxy) 
propionic acid 1.01 X  10'^ 130 0.25
4-(2,4-Dichlorophenoxy) 
butyric acid 1.07 X  10'^ 132 0.26
Naphthalene acetic acid 9.99 X 10'^ 126 0.24
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Table 3.30 Capacity of extraction of the solid supported calix[4]arene fully 
amine derivative
Pesticide Concentration (mol dm-3) Vol. (ml)
Capacity of the 
material 
(mmol/g of material)
2,4-DiehIorophenoxy 
acetic acid 4.31x10'^ 72 0.55
2-(2,4-Dichlorophenoxy) 
propionic acid 5.33 X  lO'^ 60 0.57
4-(2,4-Dichlorophenoxy) 
butyric acid 5.01 X  10'^ 60 0.55
Naphthalene acetic acid 6 .6 6  X  10’^ 48 0.54
These results show that the capacity value of the modified silica with the fully 
substituted calix[4]arene amino derivative to take up acid herbicides from 
aqueous solution is about twice as great as the partially calix[4]arene amine 
derivative on the support solid, (0.55 and 0.27 mmol of acid pesticide per gram of 
material respectively in the case of 2,4-dichlorophenoxyacetic acid).This can be 
attributed to the fact that hilly substituted calix[4]arene contain in their structure 
two extra tertiary amine groups. As explained in the Sections 3.4.1 and 3.4.2 each 
amine group is able to interact with one proton (by proton transfer reaction). 
Consequently the difference observed in the uptake capacity of these materials is 
not unexpected, considering that approximately the same amounts of the ligand 
have been attached to the solid matrix.
3.7 Regeneration of the solid supported calix[4]arene derivative
Having studied the extraction properties of the materials and demonstiated their 
efficiency to uptake acid herbicides from aqueous solutions at 298 K, it was 
considered necessary to recycle the material with the aim to reduce their
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production costs and also to avoid the ecological disposal problems that used 
materials can carry. A pH switching mechanism consisting of treating the 
materials with an aqueous solution of NaOH (1 mol dm’^ ) was used to the 
recycling process (see Experimental Part, p 75).
After recycling the materials, the capacity of the modified silica to extract acid 
herbicides was investigated. Two chlorinated acids were used for the extraction 
experiments (2,4-dichlorophenoxyacetic acid and 4-(2,4-dichlorophenoxy)butyric 
acid).
The extraction percentage of chlorinated acids from aqueous solution by the 
materials are plotted (Figs. 3.76 and 3.78 for the partially substituted, 3.80 and 
3.82 for the fully substituted calix[4]arene derivative anchored to silica) against 
the volume of aqueous solution of the respective acid used. It can be seen from 
these Figs that the extraction percentages are close to one hundred percent and 
then, these decrease as the concentration of acid increases (the material reaches 
the saturation point).
Figs. 3.77, 3.79, 3.81 and 3.83 are plots of molar concentration of acid herbicides 
taken up by the regenerated partially and the fully substituted calix[4]arene 
derivative anchored to silica respectively against the volume of aqueous solution 
of the appropriate acid used to reach the saturation of the materials. These data 
were used to calculate the saturation point of these materials.
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Fig 3.76 2,4-dichlorophenoxyacetic acid retained into the solid supported 
partially substituted calix[4]arene amine derivative after the 
regeneration process at 298 K
[P] (moI/I
1 2 0 E -0 3
1 0 C E -0 3
8 .0 Q E -0 4
0  2 0  4 0  6 0  8 0  1 0 0  1 2 0  1 4 0  1 6 0  1 8 0  2 0 0
Vol (m l)
Fig 3.77 Saturation capacity of solid supported partially substituted 
calix[4]arene amine derivative for 2,4-dichlorophenoxyacetic acid at 
298 K
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100 -
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6 0 -
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9 18 2 7 3 6 4 5 5 4 6 3 7 2 81 9 0 9 9  1 0 8  1 1 7  1 2 6  1 3 5  1 4 4  1 5 3  1 6 2  171 1 8 0
Vol (ml)
Fig 3.78 4-(2,4-dichlorophenoxy)butyric acid retained into the solid 
supported partially substituted ca!ix[4]arene amine derivative 
after the regeneration process at 298 K
[P] (moW)
9 .0 0 E -0 4
8 .0 0 E -0 4
7 .0 0 E -0 4
6 .0 0 E -0 4
5 .0 0 E -0 4
Vol (m l)
Fig 3.79 Saturation capacity of solid supported partially substituted 
calix[4]arene partially amine for 4-(2,4-dichlorophenoxy)butyric 
acid at 298 K
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100-
8 0 -
6 0 -
4 0 -
2 0 -
5  1 0  1 5  2 0  2 5  3 0  3 5  4 0  4 5  5 0  5 5  6 0  6 5  7 0  7 5  8 0  8 5  9 0  9 5  1 0 0  1 0 5  1 1 0  1 1 5  1 2 0  1 2 5  1 3 0
Vol (m l)Fig 3.80 2,4-dichlorophenoxyacetic acid retained into the solid supported 
fully substituted calix[4]arene amine derivative after the 
regeneration process at 298 K
[PI (m ol/ml)
4 .5 0 E -0 3
4 0 0 E -Q 3
3 .5 0 E -0 3
3 .0 0 E -0 3
2 .5 0 E -0 3
2 .0 0 E -0 3
1 .5 0 E -0 3
1 .0 0 E -0 3
5 .0 0 E -0 4
OOE+00
Vol (ml)Fig 3.81 Saturation capacity of solid supported fully substituted calix[4]arene 
amine derivative for 2,4-dichlorophenoxyacetic acid at 298 K
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4 8 12 16 2 0  2 4  2 8  3 2  36  4 0  4 4  4 8  5 2  56  6 0  64  6 8  72 76  80  84 88 92  9 6  100  104
Vol (ml)Fig 3.82 4-(2,4-dichlorophenoxy)butyric acid retained into the solid 
supported fully substituted calix[4]arene amine derivative after the 
regeneration process at 298 K
[P] (m o  I/I)
5 .0 0 E -0 3
4 .5 0 E -0 3
4 .0 0 E -0 3
3 .5 0 E -0 3
3 0 0 E -0 3
2 .5 0 E -0 3
2 .(X )E -03
1 .5 0 E -0 3
1 OOE-03
5 .0 0 E -0 4
Vol (m l)
Fig 3.83 Saturation capacity of solid supported fully substituted 
calix[4]arene amine derivative for 4-(2,4-dichlorophenoxy)butyric 
acid at 298 K
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The extraction capacity of the materials after the recycling process was calculated 
using the saturation point previously discussed. In Tables 3.31 and 3.32 are 
reported the extraction capacity of the recycled partially and fully substituted 
calix[4]arene derivative anchored to silica respectively. The concentrations of the 
acid herbicides (2,4-dichlorophenoxy and 4-(2,4-dichlorophenoxy)butyric acids) 
and the volume of the aqueous solution used to reach the saturation of the 
materials ar e also reported in these Tables.
Table 3.31 Extraction capacity (mmol/g of material) of the partially 
substituted calix[4]arene derivative anchored silica after the 
regeneration process form aqueous solution at 298 K
Pesticide Concentration (mol dm' )^
Vol.
(ml)
Capacity of the 
material 
(mmol/g of 
material)
2,4-DichIorophenoxy 
acetic acid 9.82 X 10"* 119 0.22
4-(2,4-*Dichlorophenoxy) 
butyric acid 9.34 X 10"* 126 0.22
Table 3.32 Extraction capacity (mmol/g of material) of the fully 
substituted calix[4]arene derivative anchored silica after the 
regeneration process form aqueous solution at 298 K
Pesticide Concentration (mol dm^)
Vol.
(ml)
Capacity of the 
material 
(mmol/g of material)
2,4-Dichloroplienoxy 
acetic acid 4.40 X 10'^ 55 0.46
4-(2,4-Dichloroplienoxy) 
butyric acid 4.35x10'^ 60 0.49
It can be seen from these Tables that the capacity of the material is slightly 
reduced by the regeneration process by 0.03 and 0.06 mmol/g for the partially and 
fully substituted calix[4]arene amino derivative respectively than for the values 
obtained prior regeneration.
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Having discussed the capacity of these materials and the regeneration process, 
calorimetric measurements for the determination of the heat of exti action of acid 
herbicides were carried out and these are now discussed.
3.8 Calorimetric determination of the heat of extraction of acid 
herbicides by the partially substituted calix[4]arene amino 
derivative anchored to silica.
The heat of immersion, (known as the heat produced or absorbed when a certain 
amount of the dry solid material enters in to contact with water), was measui ed by 
calorimetry. In doing so, ampoules containing a Icnown mass of dry solid material 
in a Icnown volume of water at 298.15 K were broken in the calorimeter vessel.
Heats of immersion of silica gel and modified silica (partially substituted 
calix[4]arene anchored silica) were determined in water at 298.15 K. Tables 3.33 
and 3.34 report the heats of immersion of silica ,modified silica and the amount of 
material used in each experiment respectively.
Table 3.33 Heats of immersion of silica gel in water at 298.15 K
Sample m(g) Q i ( J g ‘)
1 0.00966 -47.85
2 0.01666 -49.18
3 0.02850 -52.98
4 0.05171 -50.25
5 0.00987 -47.27
6 0.00295 -51.32
Average -49.81 ± 2.15 J g"*
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Table 3.34 Heats of immersion of the partially substituted 
callx[4]arene derivative anchored to silica in water 
at 298.15 K
Sample m(g) Q i( J g ')
1 0.00442 -56.98
2 0.00588 -57.32
3 0.01325 -55.57
4 0.03782 -57.64
5 0.04091 -56.22
6 0.04823 -59.11
Average -57.14 ± 1.22 J g"
It can be seen from Tables 3.33 and 3.34 that an exothermic process takes place 
when the silica gel and the solid material came into contact with water due to the 
hydration of the materials.
No significant changes in the heat of immersion were found with the mass of the 
solid material. Therefore the heat of immersion was taken as the average value of 
the various experiments. (- 49.81 ±2.15 and - 57.14 ± 1.22 J per gram of silica gel 
and solid material respectively).
The heat of immersion of silica gel in an aqueous solution of 2,4- 
dichlrophenoxyacetic acid was also determined and it is reported in Table 3.34.
No significant variation on the heat of immersion was observed when silica gel 
was immersed in an aqueous solution containing a Icnown concentration of 2,4- 
dichlorophenoxyacetic acid (Table 3.34)
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Table 3.35 Heat of immersion of silica gel in an aqueous solution of 
2,4-dichlorophenoxyacetic acid (initial concentration 7 x 
10-^  mol dm'O at 298.15 K
Sample m(g) Q i ( J g ‘)
2 0.00588 -48.75
3 0.01325 -49.94
4 0.03782 -50.33
5 0.04091 -47.77
6 0.04823 -48.09
Average -48.98 ± 1.12 J g’
When certain amount of dry partially substituted calix[4]arene amino derivative 
modified silica was immersed in an aqueous solution containing a known 
concentration 2,4-dichlorophenoxyacetic acid, heat changes were observed. Thus 
heat Icnown as gross heat of reaction involves the heat due to i) the reaction of the 
solid material with the acid herbicide, n) the immersion of the solid material in 
water in) the breaking of the ampoule.
Using the equation described in the Experimental Section (Eq. 2.22) the heat 
produced by the reaction between the chlorophenoxy acid and the dry modified 
silica was calculated.
Table 3.36 reports the enthalpy of the acid herbicide uptake per gram of material, 
(AH), the heat produced by the reaction between the solid material and the acid 
herbicide (Qn), the gross heat of reaction (Qr), the percentage of extraction (%E), 
the final molar concentration of the acid ([Ac]f), the uptake concentration of the 
acid herbicide ([Ac]u) and the mass of the solid material used in each experiment
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(m). It is important to mention that the initial concentration of herbicide was 5.89 
X 10"* mol dm"  ^ and the heat due to the immersion of the material in water is the 
value reported above (Table 3.34).
Table 3.36 Heat of extraction of aqueous 2,4-dichlorophenoxy acetic acid solution 
by partially substituted calixarene modified silica at 298.15 K
M(g) [Ac]f [Ac]u %E Qr(J g ')
Qn
(J g ') [Ac]u/g
AH 
(kJ mol"*)
0.00821 9.07x10"^ 5.88x10"* 99.85 -92.75 -35.61 3.58 X 10"^ -9.95
0.00798 9.44 X 10'^ 5.88 X  10""* 99.84 -91.28 -34.14 3.68 X  10'^ -9.28
0.00758 1.63 X  10"® 5.87x10"* 99.72 -93.64 -36.50 3.87x10"^ -9.43
0.00735 1.05x10® 5.88x10"* 99.82 -92.32 -35.18 4.00 X  10"^ -8.79
0.00684 8.03 X  10'^ 5.88x10"* 99.86 -93.30 -36.16 4.30 X  10"^ -8.40
0.00615 7.86x10"^ 5.88x10"* 99.87 -93.44 -36.30 4.78 X 10"^ -7.59
0.00592 8.35 X 10"^ 5.88 X  10""* 99.86 -93.69 -36.55 4.97 X 10"^ -7.35
0.00540 1.91x10"® 5.70x10"* 96.76 -88.46 -31.32 5.28 X 10"^ -5.93
0.00460 7.63 X 10"® 5.13x10"* 87.04 -79.58 -22.44 5.57x10"^ -4.02
0.00411 1.00x10"* 4.89x10"* 82.99 -75.88 -18.74 5.95 X 10'^ -3.15
0.00280 1.38x10"* 4.51x10"* 76.51 -69.95 -12.81 8.05 X  10"^ -1.59
0.00190 2.00x10"* 3.89x10"* 65.99 -60.33 -3.19 1.02x10"^ -0.31
Fig 3.81 shows the percentages of 2,4-dichlorophenoxy acetic acid extracted by 
the partially calix[4]arene derivative anchored silica in water at 298.15 K obtained 
from different experiments.
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Fig 3.81 Percentages of extraction of 2,4-D by the solid material in water at 
298.15 K
The enthalpy of extraction of the acid herbicide by the solid material at 298.15 K 
was evaluated from the average value at hundred percent of the reaction, once 
coiTections for the heat of immersion of the solid material in water and the heat of 
ampoule breaking were applied to the total heat obtained.
The exothermic character of the enthalpy of extraction of the acid herbicide from 
aqueous solution by the material (-9.2 ± 0.6 kJ mol'*) is attributed to the 
interaction of the herbicide with the calixaiene attached to the silica through 
protonation and association of the -COOH group of the herbicide and the amino 
functional groups of the macrocycle immobilised onto the silica.
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Conclusions
From the above discussion on the calix[4]ai*ene amine derivative, the following 
conclusions can be drawn.
i) The thermodynamic parameters of solution of 5,ll,17,23-tetra-/er/-butyl 
25,27-bis(ethyl amine)ethoxy 26,28-dihydroxy calix[4]aiene in several non- 
aqueous solvents were performed at 298.15 K. As far as standard Gibbs 
energy of transfer are concerned, these values are very small and indicate that 
there are not large differences in the solvation of this ligand in these solvents. 
This is the result of an enthalpy-entropy compensation effect.
ii) *H-NMR studies on the interaction of 5,11,17,23-tetra-/crr-butyl-25,27- 
bis(ethylamine)ethoxy-26,28-dihydroxycalix[4]arene with several acid 
herbicides were carried out in CD3CN and CD3OD at 298 K. The results 
obtained seem to indicate that the sites of interaction of this ligand with the 
acid herbicides are the amine groups. Indeed significant chemical shift 
changes in the protons close to the amine group were observed. 
Stoichiometries of 2:1 (acid herbicide:ligand) were found in CD3CN and 
CD30Dat298 K.
iii) Conductometric measurements were carried out with the aim of determining 
the composition of the ligand-herbicide interaction and gaining semi 
quantitative information regarding the strength of interaction of the ligand 
(5,11,17,23-tetra-/^r/-butyl-25,27-bis(ethylamine)ethoxy-26,28-dihydroxyca- 
lix[4]arene) with the acid herbicides in acetonitrile, methanol and N,N- 
dimethylformamide at 298.15 K. From the conductance measurements of the 
acid herbicide at different concentrations, it was concluded that these acids are 
highly associated in non-aqueous solvents. As far as the interaction process is 
concerned, conductometric measurements were performed in order to derive
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equilibria data for the process involving a neutral receptor and a highly 
associated acids (acid herbicide) to give 1:2 receptor:herbicide adducts.
iv) The mathematical method developed by Danil de Namor and co-workers to 
derive the equilibrium constants involved in the interaction process of two 
neutral species with 1:1 stoichiometry was extended to derive data for 1:2 
processes. Proton transfer, association and the overall process constants were 
calculated from the conductometric titration data of the ligand and several acid 
herbicides in N,N-dimethylformamide and methanol at 298,15 K. In both 
solvents it was found that in the overall process, association predominates 
over the proton transfer process. As far* as the medium effect is concerned, 
association is only slightly more favoured in N,N-dimethylformamide than in 
methanol.
v) Two new recyclable materials based on silica gel modified with aminosilane 
and two calixarene amino derivatives (25,27-dihydroxy-26,28-bis(diethyl- 
amine)ethoxy calix[4]arene and 25,26,27,28-tetra(diethylamine)ethoxy calix- 
[4]arene) were prepared and characterised by elemental analysis and by acid- 
base back titrations in order to calculate the content of amine groups per gram 
of material. These materials were used to uptake several acid herbicides from 
aqueous solutions at 298 K. These experiments show that the fully substituted 
calix[4]arene amino derivative modified silica has twice the extraction 
capacity than the material containing the partially substituted calix[4]arene 
amine derivative. As fax* as the regeneration of these materials is concerned, 
these can be easily recycled via a pH switching mechanism. The enthalpy of 
extraction of 2,4-dichlorophenoxyacetic acid by the modified silica (partially 
substituted calixarene) from water at 298.15 K was found to be enthalpically 
favoured.
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Suggestions for further work
i) Calixarene-herbicide interactions presented in this thesis are limited to a few 
herbicides. However there is a great deal of potential testing these materials with 
other guest species in different media.
ii) Although the synthetic pathway to prepare these two new materials is given in this 
thesis, a systematic further research is required for the optimisation of these 
reactions as well as the purification proceduies. This would allow an increase in the 
overall yields of the desired products and consequently a minimisation of the 
production costs involved in the preparation of these materials.
iii) Qualitative and quantitative analyses of the extraction process gave clear indication 
that these materials uptake acid herbicides from aqueous solutions. Therefore their 
possible industrial applications are rather straightforward. Consequently fuifher 
work is required in order to assess parameters such as temperature, solvent, 
interferences, decomposition temperature, etc. as well as investigating strategies to 
increase their uptalce capacity.
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APPENDIX
Appendix A
A ppendix A: ‘H NMR Titration Data
Table A1 Chemical shift changes for 5,11,17,23 tetra tert-hvXyX 25,27-bis(diethylamine) 
ethoxy 26,28-dihydoxy calix[4]arene after addition of 2,4-dichlorphenoxyacetic acid in 
CDsCNat298 K.
[P]/[L] 1 2 3 4 5 6 7 8 9 10
0.00 0.00 0.00 0.00 0.00 0 .00 0.00 0.00 0.00 0.00 0.00
0.26 0.00 0.00 0 .00 0.00 0.01 -0.02 0.03 0.05 0.05 0.02
0.51 0.00 0.01 0.01 0.00 0.01 -0.04 0.05 0.09 0.10 0.04
0.77 0.00 0.01 0.01 0.00 0.02 -0.06 0.07 0.14 0.14 0.06
1.03 0.00 0.01 0.02 0.00 0.02 -0.07 0.09 0.19 0.18 0.08
1.29 0.00 0.01 0.02 0.01 0.03 -0.09 0.12 0.23 0.22 0.10
1.54 0.00 0.01 0.03 0.01 0.04 -0.10 0.13 0.27 0.25 0.11
1.80 0.00 0.01 0.03 0.01 0.05 -0.11 0.15 0.31 0.28 0.12
2.06 0.00 0.01 0.03 0.02 0.05 -0.12 0.17 0.34 0.30 0.14
2.31 0.00 0.01 0.03 0.02 0.05 -0.13 0.18 0.37 0.33 0.15
2.57 0.00 0.01 0.03 0.02 0.05 -0.14 0.19 0.40 0.35 0.16
2.83 0.00 0.01 0.03 0.02 0.06 -0.15 0.20 0.43 0.36 0.17
3.08 0.00 0.01 0.04 0.02 0.06 -0.15 0.21 0.45 0.38 0.18
Table A2 Chemical shift changes for 5,11,17,23 tetra tert-h\xiyl 25,27-bis(diethylamine)
ethoxy 26,28-dihydoxy calix[4]arene after addition of 2,4,5-trichlorphenoxyacetic acid in 
CDsCN at 298 K.
[P]/[LI 1 2 3 4 5 6 7 8 9 10
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.35 0.00 0.00 0.01 0.00 0.01 -0.03 0.05 0.08 0.09 0.04
0.71 0.00 0.01 0.01 0.00 0.02 -0.06 0.09 0.16 0.17 0.08
1.06 -0.01 0.01 0.02 0.00 0.02 -0.09 0.12 0.26 0.24 0.10
1.42 -0.01 0.01 0.02 0.01 0.04 -0.12 0.16 0.31 0.30 0.13
1.77 -0.01 0.01 0.03 0.01 0.04 -0.14 0.19 0.38 0.35 0.16
2.13 -0.01 0.01 0.03 0.01 0.05 -0.15 0.21 0.43 0.38 0.18
2.83 0.00 0.01 0.03 0.02 0.06 -0.17 0.24 0.51 0.44 0.21
3.19 -0.01 0.01 0.04 0.02 0.07 -0.18 0.26 0.54 0.46 0.22
3.54 0.00 0.01 0.04 0.03 0.07 -0.19 0.27 0.57 0.47 0.23
3.90 0.00 0.01 0.04 0.03 0.08 -0.19 0.27 0.59 0.49 0.24
4.25 0.00 0.01 0.04 0.03 0.08 -0.20 0.28 0.61 0.49 0.24
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Table A3 Chemical shift changes for 5,11,17,23 tetra tert-hviXyX 25,27-bis(diethylamine) 
ethoxy 26,28-dihydoxy caiix[4]arene after addition of 2-(2,4,5-trichlorphenoxy)propionic 
acid in CD3CN at 298 K.
[PJ/[L1 1 2 3 4 5 6 7 8 9 10
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.31 0.00 0.01 0.00 0.00 0.00 -0.04 0.04 0.07 0.08 0.03
0.61 0.00 0.01 0.01 0.00 0.01 -0.07 0.07 0.14 0.15 0.06
0.92 0.00 0.01 0.01 0.00 0.02 -0.10 0.11 0.21 0.21 0.09
1.22 0.00 0.01 0.02 0.00 0.02 -0.12 0.13 0.27 0.27 0.12
1.53 0.00 0.01 0.02 0.01 0.04 -0.14 0.16 0.33 0.31 0.14
1.84 0.00 0.01 0.03 0.01 0.04 -0.16 0.19 0.38 0.35 0.16
2.14 0.00 0.01 0.03 0.01 0.04 -0.17 0.20 0.42 0.38 0.17
2.45 0.00 0.01 0.03 0.02 0.05 -0.18 0.21 0.46 0.40 0.19
2.76 0.00 0.01 0.03 0.02 0.05 -0.19 0.22 0.49 0.42 0.20
3.06 0.00 0.01 0.03 0.02 0.06 -0.19 0.24 0.51 0.44 0.21
3.37 0.00 0.01 0.03 0.02 0.06 -0.20 0.24 0.53 0.45 0.22
3.67 0.00 0.01 0.04 0.03 0.06 -0.20 0.25 0.55 0.46 0.22
3.98 0.00 0.01 0.04 0.03 0.07 -0.21 0.26 0.57 0.47 0.23
Table A4 Chemical shift changes for 5,11,17,23 tetra tertAmtyX 25,27-bis(diethylamine)
ethoxy 26,28-dihydoxy calix[4]arene after addition of 2-(2,4,-dichlorphenoxy)propionic 
acid in CD]CNat298 K.
[P]/[L1 1 2 3 4 5 6 7 8 9 10
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.37 0.00 0.00 0.01 0.00 0.01 -0.05 0.05 0.10 0.11 0.04
0.74 0.00 0.01 0.02 0.00 0.02 -0.08 0.09 0.20 0.19 0.08
1.12 0.00 0.01 0.02 0.01 0.03 -0.11 0.13 0.28 0.25 0.11
1.49 0.00 0.01 0.03 0.02 0.04 -0.14 0.16 0.35 0.30 0.13
1.86 0.00 0.01 0.03 0.02 0.05 -0.15 0.18 0.41 0.34 0.15
2.23 0.00 0.01 0.03 0.03 0.05 -0.17 0.20 0.45 0.37 0.17
2.60 0.00 0.01 0.04 0.03 0.06 -0.18 0.21 0.49 0.39 0.18
2.98 0.00 0.01 0.04 0.03 0.07 -0.18 0.22 0.50 0.40 0.19
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Table AS Chemical shift changes for 5,11,17,23 tetia tertAmtyX 25,27-bis(diethylamine) 
ethoxy 26,28-dihydoxy calix[4]arene after addition of 2,3,6,-trichlorphenylacetic acid in 
CD3CNat298 K.
(P]/IL] 1 2 3 4 5 6 7 8 9 10
0.00 0.00 0.00 0 .00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.30 0.00 0.00 0.00 0.00 0.00 -0.01 0.01 0.02 0.02 0.01
0.61 0.00 0.00 0.00 0.00 0.01 -0.02 0.02 0.03 0.04 0.02
0.91 0.00 0 .00 0.00 0.00 0.01 -0.02 0.03 0.05 0.05 0.02
1.21 0.00 0.00 0.00 0.00 0.01 -0.03 0.04 0.06 0.07 0.03
1.52 0.00 0.01 0.01 0.00 0.01 -0.04 0.05 0.08 0.09 0.04
1.82 0.00 0.01 0.01 0.00 0.02 -0.04 0.05 0.10 0.10 0.05
2.13 0.00 0.01 0.01 0.00 0.02 -0.05 0.06 0.12 0.12 0.06
2.43 0.00 0.01 0.01 0.00 0.02 -0.06 0.07 0.13 0.13 0.06
2.73 0.00 0.01 0.01 0.00 0.02 -0.06 0.08 0.15 0.14 0.07
3.04 0.00 0.01 0.01 0.00 0.02 -0.07 0.08 0.16 0.16 0.08
3.34 0.00 0.01 0 .02 0.01 0.03 -0.07 0.09 0.17 0.17 0.08
3.64 0.00 0.01 0.02 0.01 0.03 -0.08 0.10 0.19 0.18 0.08
3.95 0.00 0.01 0.02 0.01 0.03 -0.08 0.10 0.20 0.19 0.09
Table A6 Chemical shift changes for 5,11,17,23 tetra tertAyutyX 25,27-bis(diethylamine) 
ethoxy 26,28-dihydoxy calix[4]arene after addition of naphthaleneacetic acid in CD3CN 
at 298 K.
[P]/[L] 1 2 3 4 5 6 7 8 9 10
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.39 0.00 0.00 0.00 0.00 0.00 -0.01 0.00 0.01 0.01 0.00
0.78 0.00 0.00 0.00 0.00 0.00 -0.01 0.01 0.02 0.02 0.01
1.17 0.00 0.00 0.00 0.00 0.00 -0.02 0.01 0.03 0.02 0.01
1.56 0.00 0.00 0.00 0.00 0.00 -0.03 0.01 0.04 0.03 0.01
1.94 0.00 0.00 0.00 0.00 0.00 -0.04 0.02 0.05 0.04 0.01
2.33 0.00 0 .00 0.00 0.00 0.00 -0.04 0.02 0.05 0.04 0.01
2.72 0.00 0.00 0.00 0.00 -0.01 -0.05 0.02 0.06 0.05 0.02
3.11 0.00 0.00 0.00 0.00 -0.01 -0.05 0.03 0.07 0.05 0.02
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Table A7 Chemical shift changes for 5,11,17,23 tetra /er/-butyl 25,27-bis(diethylamine) 
ethoxy 26,28-dihydoxy calix[4]arene after addition of 4-(2,4-dichlorophenoxy)butyric 
acid in CD3CN at 298 K.
[PJ/[L1 1 2 3 4 5 6 7 8 9 10
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.35 0.00 0.00 0.00 0.00 0 .00 0.00 0.00 0.01 0.01 0.00
0.70 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01
1.05 0.00 0.00 0 .00 0.00 0.00 -0.01 0.01 0.02 0.02 0.01
1.39 0.00 0.00 0 .00 0.00 0.00 -0.01 0.01 0.02 0.02 0.01
1.74 0.00 0.00 0.00 0.00 0.00 -0.01 0.01 0.02 0.02 0.01
2.09 0.00 0.00 0 .00 0.00 0.00 -0.01 0.01 0.02 0.03 0.01
2.44 0.00 0.00 0.00 0.00 0.01 -0.01 0.02 0.03 0.03 0.01
2.79 0.00 0.00 0.00 0.00 0.01 -0.01 0.02 0.03 0.03 0.01
Table A8 Chemical shift changes for 5,11,17,23 tetra tert-hvXyX 25,27-bis(diethylamine) 
ethoxy 26,28-dihydoxy calix[4]arene after addition of 2,4-dichlorphenoxyacetic acid in 
CD30Dat298 K.
[P]/[L] 1 2 3 4 5 6 7 8 9 10
0.00 0.00 0.00 0 .00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.30 -0.04 0.02 -0.06 0.02 0.02 -0.03 0.03 0.04 0.13 0.04
0.61 -0.08 0.04 -0.12 0.04 0.03 -0.06 0.06 0.17 0.27 0.09
0.91 -0.11 0.06 -0.16 0.05 0.04 -0.09 0.09 0.21 0.38 0.13
1,22 -0.12 0.06 -0.18 0.06 0.05 -0.10 0.14 0.31 0.46 0.16
1.52 -0.13 0.07 -0.18 0.07 0.06 -0.11 0.13 0.36 0.51 0.18
1.83 -0.13 0.07 -0.19 0.07 0.06 -0.12 0.14 0.39 0.52 0.19
2.13 -0.14 0.07 -0.19 0.07 0.06 -0.12 0.15 0.42 0.56 0.20
2.43 -0.14 0.07 -0.19 0.07 0.07 -0.12 0.16 0.44 0.58 0.21
2.74 -0.14 0.08 -0.20 0.08 0.07 -0.12 0.16 0.45 0.61 0.22
3.04 -0.14 0.07 -0.20 0.08 0.07 -0.13 0.17 0.47 0.61 0.22
3.35 -0.14 0.08 -0.20 0.08 0.07 -0.13 0.17 0.47 0.62 0.22
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Table A9 Chemical shift changes for 5,11,17,23 tetra tert-hvXyl 25,27-bis(diethylamine) 
ethoxy 26,28-dihydoxy calix[4]arene after addition of 2,4,5-trichlorphenoxyacetic acid in 
CD30Dat298 K.
[P]/[L] 1 2 3 4 5 6 7 8 9 10
0.00 0.00 0.00 0 .00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.31 -0.03 0.02 -0.04 0.02 0.01 -0.02 0.02 0.06 0.10 0.03
0.62 -0.07 0.03 -0.10 0.03 0.03 -0.05 0.05 0.11 0.23 0.08
0.93 -0.10 0.05 -0.14 0.05 0.04 -0.08 0.08 0.20 0.34 0.12
1.24 -0.12 0.06 -0.17 0.06 0.05 -0.09 0.11 0.28 0.42 0.15
1.55 -0.13 0.06 -0.18 0.06 0.06 -0.11 0.13 0.34 0.48 0.17
1.86 -0.13 0.07 -0.19 0.07 0.06 -0.11 0.14 0.38 0.51 0.19
2.17 -0.14 0.07 -0.19 0.07 0.06 -0.12 0.15 0.41 0.57 0.20
2.48 -0.14 0.07 -0.19 0.07 0.07 -0.12 0.16 0.43 0.60 0.21
2.79 -0.14 0.07 -0.20 0.07 0.07 -0.12 0.16 0.45 0.61 0.22
3.09 -0.14 0.07 -0.20 0.07 0.08 -0.13 0.17 0.47 0.61 0.22
Table AlO Chemical shift changes for 5,11,17,23 tetra /er/-butyl 25,27-bis(diethylamine) 
ethoxy 26,28-dihydoxy calix[4]arene after addition of 2-(2,4,5-trichlorphenoxy)propionic 
acid in CD3 OD at 298 K.
IPI/[L] 1 2 3 4 5 6 7 8 9 10
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.40 -0.04 0.02 -0.05 0.02 0.01 -0.03 0.03 0.05 0.12 0.04
0.81 -0.08 0.04 -0.11 0.04 0.03 -0.06 0.06 0.16 0.26 0.09
1.21 -0.11 0.05 -0.15 0.05 0.04 -0.08 0.09 0.25 0.38 0.13
1.61 -0.12 0.06 -0.17 0.06 0.05 -0.10 0.11 0.30 0.45 0.16
2.02 -0.13 0.06 -0.18 0.06 0.06 -0.11 0 .12 0.35 — 0.18
2.42 -0.14 0.07 -0.19 0.07 0.06 -0.11 0.14 0.39 — 0.19
2.83 -0.14 0.07 -0.19 0.07 0.06 -0.12 0.15 0.42 0.57 0.20
3.23 -0.14 0.07 -0.19 0.07 0.06 -0.12 0.15 0.44 0.59 0.21
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Table A ll  Chemical shift changes for 5,11,17,23 tetra /erf-butyl 25,27-bis(diethylamine) 
ethoxy 26,28-dihydoxy calix[4]arene after addition of 2-(2,4,-dichIorphenoxy)propionic 
acid in CD3 OD at 298 K.
1 2 3 4 5 6 7 S 9 10
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.56 -0.05 0.02 -0.07 0.02 0.02 -0.04 0.04 0.06 0.15 0.03
1.12 -0.10 0.06 -0.14 0.04 0.04 -0.08 0.08 0.20 0.32 0.08
1.68 -0.12 0.06 -0.17 0.06 0.05 -0.10 0.11 0.29 0.43 0.15
2.24 -0.13 0.07 -0.18 0.06 0.05 -0.11 0.13 0.35 — 0.17
2.80 -0.13 0.07 -0.19 0.07 0.06 -0.12 0.14 0.39 — 0.19
3.36 -0.14 0.07 -0.19 0.07 0.06 -0.12 0.15 0.41 0.57 0.20
3.92 -0.14 0.07 -0.19 0.07 0.06 -0.13 0.15 0.43 0.59 0.21
4.47 -0.14 0.07 -0.20 0.07 0.06 -0.13 0.16 0.45 0.60 0.21
Table A12 Chemical shift changes for 5,11,17,23 tetra ^er^-butyl 25,27-bis(diethylamine) 
ethoxy 26,28-dihydoxy calix[4]arene after addition of 2,3,6,-trichlorphenylacetic acid in 
CD30Dat298 K.
[P]/[L] 1 2 3 4 5 6 7 8 9 10
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.38 -0.04 0.02 -0.06 0.02 0.02 -0.03 0.03 — 0.12 0.04
0.76 -0.07 0.04 -0.10 0.04 0.03 -0.06 0.06 0.15 0.24 0.08
1.15 -0.10 0.05 -0.13 0.04 0.04 -0.07 0.07 0.20 0.32 0.11
1.53 -0.11 0.05 -0.15 0.05 0.05 -0.08 0.09 0.24 0.36 0.13
1.91 -0.11 0.06 -0.16 0.05 0.05 -0.09 0.10 0.25 0.39 0.14
2.29 -0.12 0.06 -0.16 0.06 0.05 -0.09 0.10 0.27 0.41 0.15
2.67 -0.12 0.06 -0.17 0.06 0.05 -0.10 0.11 0.29 0.43 0.15
3.06 -0.12 0.06 -0.17 0.06 0.05 -0.10 0.11 0.30 0.45 0.16
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Table A13 Chemical shift changes for 5,11,17,23 tetra tert-h\xXy\ 25,27-bis(diethylamine) 
ethoxy 26,28-dihydoxy calix[4]arene after addition of naphthaleneacetic acid in CD3OD 
at 298 K.
IP]/[L] 1 2 3 4 5 6 7 8 9 10
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.56 -0.05 0.02 -0.06 0.02 0.02 -0.04 0.03 0.06 0.15 0.05
1.13 -0.08 0.04 -0.11 0.03 0.02 -0.06 0.05 0.15 0.24 0.08
1.69 -0.09 0.04 -0.13 0.04 0.03 -0.08 0.06 0.18 0.29 0.10
2.26 -0.10 0.05 -0.14 0.04 0.03 -0.09 0.07 0.20 0.32 0.11
2.82 -0.11 0.05 -0.15 0.04 0.03 -0.09 0.07 0.22 0.34 0.11
3.39 -0.11 0.06 -0.15 0.05 0.03 -0.10 0.08 0.22 0.36 0.12
3.95 -0.11 0.06 -0.16 0.05 0.03 -0.10 0.08 0.24 0.37 0.12
4.52 -0.11 0.06 -0.16 0.05 0.04 -0.10 0.08 0.24 0.38 0.12
Table A14 Chemical shift changes for 5,11,17,23 tetra tert-hutyl 25,27-bis(diethylamine) 
ethoxy 26,28-dihydoxy calix[4]arene after addition of 4-(2,4-dichlorophenoxy)butyric 
acidinCD3 0 D a t298  K.
m m 1 2 3 4 5 6 7 8 9 10
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.37 -0.03 0.01 -0.04 0.01 0.01 -0.02 0.02 0.05 0.09 0.03
0.74 -0.05 0.02 -0.07 0.02 0.02 -0.04 0.04 — 0.16 0.06
1.11 -0.06 0.03 -0.09 0.03 0.02 -0.05 0.05 — 0.20 0.07
1.48 -0.07 0.03 -0.10 0.03 0.03 -0.05 0.05 0.15 0.24 0.08
1.86 -0.08 0.04 -0.11 0.04 0.03 -0.06 0.06 0.16 0.26 0.09
2.23 -0.09 0.04 -0.12 0.04 0.03 -0.06 0.07 0.17 0.28 0.10
2.60 -0.09 0.04 -0.13 0.04 0.04 -0.07 0.07 0.18 0.29 0.10
2.97 -0.09 0.04 -0.13 0.04 0.04 -0.07 0.07 0.19 0.30 0.11
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Appendix B: Conductometric Titration Data: 
Association experiment of acid pesticides.
Table B1 Conductometric data for the titration of 2,4-dichlorophenoxyacetic acid in 
N,N-dimethyiformamide at 298.15 K
[PI jp-jl/2 Am(S cm  ^mol"^ ) [P]
[p-]l/2 Am(S cm mol^)
1 6.96E-04 2.64E-02 6.43 6 8.50E-04 2.92E-02 5.74
2 7.27E-04 2.70E-02 6.27 7 8.80E-04 2.97E-02 5.63
3 7.58E-04 2.75E-02 6.13 8 9.10E-04 3.02E-02 5.52
4 7.89E-04 2.81E-02 5.99 9 9.40E-04 3.07E-02 5.42
5 8.20E-04 2.86E-02 5.86 10 9.70E-04 3.11E-02 5.32
Table B2 Conductometric data for the titration of naphthalene acetic acid in N,N- 
dimethylformamide at 298.15 K
[PI fp-jl/2 Am(S cm  ^mof^) [F]
jp-jl/2 Am
(S cm  ^mol^)
1 2.51E-04 1.59E-02 2.04 9 3.61E-04 1.90E-02 1.71
2 2.65E-04 1.63E-02 1.99 10 3.74E-04 1.93E-02 1.68
3 2.79E-04 1.67E-02 1.94 11 3.88E-04 1.97E-02 1.66
4 2.93E-04 1.71E-02 1.90 12 4.01E-04 2.00E-02 1.63
5 3.07E-04 1.75E-02 1.86 13 4.14E-04 2.03E-02 1.61
6 3.21E-04 1.79E-02 1.82 14 4.27E-04 2.07E-02 1.58
7 3.34E-04 1.83E-02 1.78 15 4.40E-04 2.10E-02 1.56
8 3.48E-04 1.86E-02 1.75 16 4.53E-04 2.13E-02 1.54
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Table B3 Conductomeüic data for the titration of 2,4-dichlorophenoxyacetic acid in 
methanol at 298.15 K
[P] jp-jl/2 (S cm mol ) [PI
jp.jl/2 A™ 1(S cm mol )
1 9.56E-04 3.09E-02 0.72 10 1.49E-03 3.86E-02 0.61
2 1.02E-03 3.19E-02 0.70 11 1.54E-03 3.92E-02 0.61
3 1.09E-03 3.30E-02 0.68 12 1.59E-03 3.99E-02 0.61
4 1.15E-03 3.39E-02 0.68 13 1.65E-03 4.07E-02 0.60
5 1.21E-03 3.47E-02 0.66 14 1.71E-03 4.14E-02 0.60
6 1.26E-03 3.55E-02 0.65 15 1.77E-03 4.21E-02 0.59
7 1.32E-03 3.63E-02 0.64 16 1.83E-03 4.28E-02 0.59
8 1.37E-03 3.70E-02 0.64 17 1.90E-03 4.36E-02 0.58
9 1.43E-03 3.78E-02 0.63 18 1.96E-03 4.42E-02 0.57
Table B4 Conductometric data for the titration of naphthalene acetic acid in methanol at
298.15 K
[P-] [p-]l/2 Am(S cm mol ) [P-]
jp-jl/2 A|ji
(S cm^ mol'*)
1 2.53E-04 1.59E-02 0.34 8 6.16E-04 2.48E-02 0.28
2 2.96E-04 1.72E-02 0.34 9 6.75E-04 2.60E-02 0.27
3 3.44E-04 1.85E-02 0.33 10 7.35E-04 2.71E-02 0.26
4 3.91E-04 1.98E-02 0.33 11 7.94E-04 2.82E-02 0.25
5 4.42E-04 2.10E-02 0.32 12 8.59E-04 2.93E-02 0.25
6 4.99E-04 2.23E-02 0.31 13 9.21E-04 3.03E-02 0.24
7 5.57E-04 2.36E-02 0.30 14 9.86E-04 3.14E-02 0.23
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Table B5 Conductometric data for the titration of 2,4-dichlorophenoxyacetic acid in 
acetonitrile at 298.15 K
[P] [p-jl/2 A-m(S cm^ mol'^) in jp-jl/2 (S cm^ mol'^)
1 2.19E-04 1.48E-02 1.28 9 3.08E-04 1.76E-02 1.06
2 2.29E-04 1.51E-02 1.23 10 3.20E-04 1.79E-02 1.04
3 2.41E-04 1.55E-02 1.21 11 3.31E-04 1.82E-02 1.02
4 2.52E-04 1.59E-02 1.17 12 3.41E-04 1.85E-02 1.01
5 2.64E-04 1.62E-02 1.14 13 3.51E-04 1.87E-02 1.00
6 2.76E-04 1.66E-02 1.12 14 3.62E-04 1.90E-02 0.99
7 2.86E-04 1.69E-02 1.10 15 3.71E-04 1.93E-02 0.98
8 2.98E-04 1.72E-02 1.08
Table B6 Conductometric data for the titration of naphthalene acetic acid in methanol at
298.15 K
[P] [p-]l/2 (S cm^ mol'*) [P-] [p-]l/2 A™(S cm mol )
1 2.76E-04 1.66E-02 0.96 11 4.20E-04 2.05E-02 0.71
2 2.92E-04 1.71E-02 0.92 12 4.30E-04 2.07E-02 0.70
3 3.06E-04 1.75E-02 0.89 13 4.47E-04 2.11E-02 0.69
4 3.20E-04 1.79E-02 0.86 14 4.61E-04 2.15E-02 0.67
5 3.35E-04 1.83E-02 0.84 15 4.72E-04 2.17E-02 0.66
6 3.48E-04 1.87E-02 0.81 16 4.86E-04 2.20E-02 0.65
7 3.64E-04 1.91E-02 0.79 17 4.96E-04 2.23E-02 0.64
8 3.78E-04 1.94E-02 0.77 18 5.15E-04 2.27E-02 0.63
9 3.91E-04 1.98E-02 0.75 19 5.47E-04 2.34E-02 0.60
10 4.05E-04 2.01E-02 0.73 20 5.62E-04 2.37E-02 0.59
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Appendix C: Conductometric Titration Data:
Conductometric titration of acid herbicides with the Ligand
Table Cl Conductometric data for the titration of 2,4-dichlorophenoxyacetic acid with
5,11,17,23 tetra ^er/-butyl 25,27-bis(diethylamine) ethoxy 26,28-dihydoxy calix[4]arene 
in acetonitrile at 298.15 K
[L]/[P] (S cm mol ) [L|/[P] Am(S cm  ^mol"^ )
1 0.00 2.20 22 1.66 18.44
2 0.07 4.68 23 1.76 18.85
3 0.14 6.31 24 1.86 19.13
4 0.21 7.59 25 1.97 19.55
5 0.27 8.63 26 2.07 19.97
6 0.34 9.56 27 2.17 20.26
7 0.41 10.37 28 2.27 20.55
8 0.48 11.06 29 2.38 20.83
9 0.55 11.88 30 2.48 21.13
10 0.62 12.46 31 2.58 21.42
11 0.69 13.04 32 2.68 21.71
12 0.77 13.64 33 2.79 22.01
13 0.85 14.25 34 2.89 22.31
14 0.94 14.87 35 2.99 22.46
15 1.01 15.21 36 3.09 22.76
16 1.09 15.71 37 3.20 22.91
17 1.18 16.21 38 3.30 23.22
18 1.26 16.71 39 3.42 23.39
19 1.35 17.09 40 3.55 23.74
20 1.45 17.49 41 3.67 23.92
21 1.56 18.03
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Table C2 Conductometric data for the titration of naphthalene acetic acid with
5,11,17,23 tetra tert~h\xiy\ 25,27-bis(diethylamine) ethoxy 26,28-dihydoxy calix[4]arene 
in acetonitrile at 298.15 K
[L]/[P] Am(S cm mol"^) [L]/[P] Am(S cm^ mol"*)
1 0.00 1.33 18 1.57 4.50
2 0.08 1.44 19 1.71 4.84
3 0.14 1.53 20 1.82 5.11
4 0.19 1.62 21 1.93 5.20
5 0.27 1.72 22 2.03 5.31
6 0.33 1.85 23 2.14 5.41
7 0.40 1.97 24 2.24 5.53
8 0.50 2.15 25 2.35 5.68
9 0.60 2.35 26 2.46 5.77
10 0.70 2.53 27 2.57 5.89
11 0.81 2.74 28 2.68 6.01
12 0.92 2.96 29 2.80 6.19
13 1.02 3.20 30 2.93 6.37
14 1.12 3.45 31 3.07 6.57
15 1.23 3.70 32 3.14 6.62
16 1.34 3.93 33 3.27 6.85
17 1.45 4.20
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Table C3 Conductometric data for the titration of 2-(2,4-dichlorophenoxy)propionic acid 
with 5,11,17,23 tetra tert-hwVyX 25,27-bis(diethylamine) ethoxy 26,28-dihydoxy calix[4] 
arene in acetonitrile at 298.15 K
[L]/[P] Am(S cm^ mol^) [L]/[P1 Am(S cm mol'*)
1 0.00 0.07 19 1.24 5.59
2 0.05 0.70 20 1.33 5.80
3 0.11 1.12 21 1.42 5.99
4 0.19 1.59 22 1.52 6.18
5 0.24 1.91 23 1.63 6.34
6 0.29 2.24 24 1.74 6.52
7 0,35 2.54 25 1.84 6.66
8 0.40 2.81 26 1.95 6.84
9 0,45 3.07 27 2.05 7.04
10 0.51 3.35 28 2.16 7.22
11 0.58 3.62 29 2.27 7.40
12 0.65 3.91 30 2.38 7.53
13 0.72 4.15 31 2.48 7.66
14 0.80 4.41 32 2.59 7.83
15 0.89 4.67 33 2.70 7.96
16 0.98 4.90 34 2.80 8.11
17 1.06 5.14 35 2.91 8.22
18 1.15 5.37 36 3.02 8.35
Appendix C
Table C4 Conductometric data for the titration of 4-(2,4-dichlorophenoxy)butyric acid 
with 5,11,17,23 tetra tert-hMiy\ 25,27-bis(diethylamine) ethoxy 26,28-dihydoxy calix[4] 
arene in acetonitrile at 298.15 K
[L]/[P] Am(S cm^ mol’*)
Am 
(S cm^
1 0.00 0.20 20 1.14 6.78
2 0.05 0.58 21 1.21 6.93
3 0.12 1.18 22 1.31 7.07
4 0.17 1.73 23 1.41 7.18
5 0.22 2.26 24 1.50 7.26
6 0.28 2.96 25 1.60 7.34
7 0.34 3.53 26 1.70 7.42
8 0.40 3.90 27 1.80 7.53
9 0.45 4.24 28 1.90 7.62
10 0.50 4.54 29 2.01 7.75
11 0.56 4.82 30 2.11 7.82
12 0.61 5.10 31 2.22 7.93
13 0.67 5.35 32 2.32 8.07
14 0.72 5.59 33 2.43 8.19
15 0.79 5.81 34 2.54 8.29
16 0.85 6.01 35 2.63 8.40
17 0.92 6.23 36 2.74 8.50
18 0.99 6.44 37 2.84 8.59
19 1.06 6.63 38 2.94 8.68
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Table C5 Conductometric data for the titration of 2,4,5-trichlorophenoxyacetic acid with
5,11,17,23 teti-a tert-h\xty\ 25,27-bis(diethylamine) ethoxy 26,28-dihydoxy calix[4] arene 
in acetonitrile at 298.15 K
[L]/[P] Am(S cm^ mol^) [L]/[P] Am(S cm^ mol'^)
1 0.00 3.88 16 1.05 10.45
2 0.07 5.01 17 1.12 10.70
3 0.14 5.73 18 1.19 10.92
4 0.21 6.32 19 1.26 11.16
5 0.28 6.83 20 1.33 11.35
6 0.35 7.29 21 1.40 11.54
7 0.42 7.70 22 1.47 11.73
8 0.49 8.09 23 1.54 11.93
9 0.56 8.45 24 1.61 12.10
10 0.63 8.79 25 1.69 12.29
11 0.70 9.09 26 1.76 12.46
12 0.77 9.39 27 1.83 12.63
13 0.84 9.69 28 1.90 12.79
14 0.91 9.96 29 1.97 12.95
15 0.98 10.21 30 2.04 13.10
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Table C6 Conductometric data for the titration of 2-(2,4,5-trichlorophenoxy)propionic 
acid with 5,11,17,23 tetra ^er^-butyl 25,27-bis(diethylamine) ethoxy 26,28-dihydoxy 
calix[4] arene in acetonitrile at 298.15 K
Am(S cm mol ) [L]/IP]
Am
(S cm^ mol^)
1 0.00 6.65 18 1.01 12.35
2 0.06 7.42 19 1.07 12.53
3 0.12 8.01 20 1.13 12.71
4 0.18 8.51 21 1.19 12.88
5 0.24 8.94 22 1.25 13.06
6 0.30 9.32 23 1.31 13.23
7 0.36 9.69 24 1.38 13.40
8 0.42 10.01 25 1.45 13.57
9 0.48 10.32 26 1.51 13.75
10 0.54 10.60 27 1.58 13.91
11 0.60 10.86 28 1.65 14.06
12 0.66 11.11 29 1.71 14.19
13 0.72 11.35 30 1.78 14.34
14 0.78 11.57 31 1.84 14.49
15 0.84 11.78 32 1.91 14.63
16 0.90 11.99 33 1.98 14.77
17 0.96 12.19 34 2.04 14.92
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Table C7 Conductometric data for the titration of 2,3,6-trichlorophenylacetic acid with
5,11,17,23 tetra tert~\mty\ 25,27-bis(diethylamine) ethoxy 26,28-dihydoxy calix[4] arene 
in acetonitrile at 298.15 K
[L]/[P] Am(S cm^ mol'^) [L]/[P]
Am 
(S cm^
1 0.00 3.92 12 0.94 6.49
2 0.10 4.36 13 1.04 6.70
3 0.20 4.76 14 1.17 6.91
4 0.30 5.08 15 1.27 7.04
5 0.42 5.42 16 1.37 7.20
6 0.48 5.51 17 1.46 7.35
7 0.52 5.61 18 1.56 7.52
8 0.59 5.82 19 1.70 7.71
9 0.66 5.97 20 1.82 7.85
10 0.75 6.13 21 1.91 7.98
11 0.83 6.27 22 2.02 8.12
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Table C8 Conductometric data for the titration of 2,4-dichlorophenoxyacetic acid with
5,11,17,23 tetra ^er^-butyl 25,27-bis(diethylamine)ethoxy 26,28-dihydoxy calix[4]arene 
in methanol at 298.15 K
[L]/[P] Ain(S cm^ mol'^) [L]/[P] Ain(S cm mol )
1 0.00 1.33 21 0.90 56.44
2 0.04 7.27 22 0.94 57.25
3 0.09 12.54 23 0.98 57.93
4 0.13 17.29 24 1.03 58.64
5 0.18 21.49 25 1.07 59.12
6 0.22 25.34 26 1.12 59.54
7 0.27 28.82 27 1.16 59.93
8 0.31 32.01 28 1.21 60.22
9 0.36 34.96 29 1.25 60.50
10 0.40 37.66 30 1.30 60.74
11 0.45 40.17 31 1.34 60.96
12 0.49 42.51 32 1.39 61.16
13 0.54 44.71 33 1.43 61.36
14 0.58 46.76 34 1.48 61.28
15 0.63 48.63 35 1.52 61.49
16 0.67 50.34 36 1.57 61.69
17 0.72 51.84 37 1.61 61.86
18 0.76 53.23 38 1.66 62.05
19 0.81 54.46 39 1.70 62.21
20 0.85 55.52
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Table C9 Conductometric data for the titration of naphthalene acetic acid with
5,11,17,23 tetra tert-\mty\ 25,27-bis(diethylamine)ethoxy 26,28-dihydoxy calix[4]arene 
in methanol at 298.15 K
Am
(S cm^ mol'*) [L1/[P] Am(S cm mol'^)
1 0.00 5.44 20 1.69 38.81
2 0.07 7.17 21 1.82 39.86
3 0.15 9.98 22 1,94 41.01
4 0.23 12.53 23 2.06 41.83
5 0.30 15.12 24 2.18 42.57
6 0.38 17.57 25 2.30. 43.28
7 0.45 19.78 26 2.42 43.96
8 0.53 21.91 27 2.55 44.61
9 0.61 23.81 28 2.68 45.21
10 0.69 25.56 29 2.81 45.80
11 0.76 27.08 30 2.93 46.34
12 0.84 28.56 31 3.05 46.85
13 0.93 29.99 32 3.19 47.39
14 1.03 31.58 33 3.32 47.86
15 1.13 33.00 34 3.46 48.34
16 1.23 34.28 35 3.61 48.88
17 1.33 35.46 36 3.76 49.36
18 1.44 36.57 37 3.91 49.82
19 1.56 37.72 38 4.10 50.39
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Table CIO Conductometric data for the titration of 2-(2,4-dichlorophenoxy)propionic 
acid with 5,11,17,23 tetra tertAmXyl 25,27-bis(diethylamine)ethoxy 26,28-dihydoxy 
calix[4] arene in methanol at 298.15 K
[L1/[P] Am(S cm mol ) [L1/[P] Am(S cm^ mol^)
1 0.00 5.20 15 1.49 49.79
2 0.11 14.81 16 1.59 50.54
3 0.21 22.01 17 1.69 51.29
4 0.31 27.93 18 1.80 52.04
5 0.42 32.94 19 1.88 52.59
6 0.52 36.96 20 1.98 53.32
7 0.63 39.97 21 2.09 54.02
8 0.73 42.20 22 2.19 54.73
9 0.83 43.84 23 2.30 55.44
10 0.96 45.43 24 2.41 56.20
11 1.07 46.46 25 2.52 56.94
12 1.17 47.36 26 2.60 57.48
13 1.27 48.16 27 2.71 58.19
14 1.37 48.98
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Table C il Conductometric data for the titration of 4-(2,4-dichlorophenoxy)butyric acid 
with 5,11,17,23 tetra tert-huXyl 25,27-bis(diethylamine) ethoxy 26,28-dihydoxy calix[4] 
arene in methanol at 298.15 K
[L]/[P] Am(S cm^ moF^) [L1/[P] Am(S cm^ moF')
1 0.00 3.81 20 1.14 30.21
2 0.06 6.65 21 1.20 30.86
3 0.12 9.24 22 1.26 31.52
4 0.18 11.50 23 1.32 32.13
5 0.24 13.51 24 1.38 32.72
6 0.30 15.33 25 1.44 33.30
7 0.36 16.98 26 1.50 33.87
8 0.42 18.48 27 1.56 34.42
9 0.48 19.87 28 1.62 34.93
10 0.54 21.16 29 1.68 35.44
11 0.60 22.35 30 1.74 35.94
12 0.66 23.46 31 1.80 36.41
13 0.72 24.50 32 1.86 36.87
14 0.78 25.47 33 1.92 37.33
15 0.84 26.37 34 1.98 37.77
16 0.90 27.23 35 2.04 38.22
17 0.96 28.04 36 2.10 38.66
18 1.02 28.81 37 2.16 39.08
19 1.08 29.52 38 2.22 39.49
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Table C12 Conductometric data for the titration of 2,4,5-trichlorophenoxyacetic acid 
with 5,11,17,23 tetra tert-h\xiy\ 25,27-bis(diethylamine) ethoxy 26,28-dihydoxy calix[4] 
arene in methanol at 298.15 K
[L]/[P] Am(S cm^ mol’*) [L]/[P] Am(S cm mol ‘)
1 0.00 3.45 20 0.79 49.28
2 0.04 8.22 21 0.83 50.17
3 0.08 12.70 22 0.87 50.95
4 0.12 16.71 23 0.91 51.65
5 0.17 20.32 24 0.95 52.20
6 0.21 23.60 25 0.99 52.78
7 0.25 26.62 26 1.03 53.25
8 0.29 29.37 27 1.07 53.66
9 0.33 31.91 28 1.12 53.99
10 0.37 34.24 29 1.16 54.30
11 0.41 36.37 30 1.20 54.56
12 0.45 38.34 31 1.24 54.80
13 0.50 40.14 32 1.28 55.02
14 0.54 41.21 33 1.32 55.19
15 0.58 43.35 34 1.36 55.36
16 0.62 44.76 35 1.41 55.53
17 0.66 46.05 36 1.45 55.69
18 0.70 47.24 37 1.49 55.86
19 0.74 48.32
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Table C13 Conductometric data for the titration of 2-(2,4,5-trichlorophenoxy)propionic 
acid with 5,11,17,23 tetra tert-h\xty\ 25,27-bis(diethyIamine) ethoxy 26,28-dihydoxy 
calix[4] arene in methanol at 298.15 K
Ari
(S cm^ mol *) [L1/[P1
Am
(S cm^ mol *)
1 0.00 10.38 23 0.83 57.81
2 0.04 13.53 24 0.87 58.96
3 0.08 16.97 25 0.91 60.07
4 0.11 2&23 26 0.94 61.08
5 0,15 23.26 27 0.98 6Z06
6 0.19 26.14 28 1.02 62.99
7 &23 28.83 29 1.06 63.84
8 0.26 31.43 30 1.10 64.65
9 0.30 3 3 j# 31 1.13 65.41
10 0.34 36.21 32 1.17 66.11
11 0.38 38.37 33 1.21 66.77
12 0.42 40.46 34 1.25 67.37
13 0.45 42.46 35 1.28 67.93
14 0.49 44.34 36 1.32 6&44
15 0.53 46.15 37 1.36 68.91
16 0.57 47.88 38 1.40 69.34
17 0.60 49.53 39 1.44 69.75
18 0.64 51.09 40 1.47 70.08
19 0.68 52.58 41 1.51 70.41
20 0.72 53^9 42 1.55 70.73
21 0.76 55.33 43 1.59 71.04
22 0.79 56.60
Appendix C
Table C14 Conductomeùic data for the titration of 2,3,6-trichlorophenylacetic acid with
5,11,17,23 tetra tert-h\xty\ 25,27-bis(diethylamine) ethoxy 26,28-dihydoxy calix[4] arene 
in methanol at 298.15 K
[L]/[P] Am(S cm^ mol *) [L]/[P] Am(S cm^ mol *)
1 0.00 2.34 20 0.84 35.61
2 0.04 6.09 21 0.88 36.35
3 0.09 9.05 22 0.92 37.05
4 0.13 11.64 23 0.97 37.69
5 0.18 14.00 24 1.01 38.28
6 0.22 16.19 25 1.06 38.83
7 0.26 18.26 26 1.10 39.34
8 0.31 20.21 27 1.14 39.79
9 0.35 22.04 28 1.19 40.23
10 0.40 23.75 29 1.23 40.64
11 0.44 25.37 30 1.28 41.03
12 0.48 26.88 31 1.32 41.39
13 0.53 28.29 32 1.36 41.73
14 0.57 29.60 33 1.41 42.05
15 0.62 30.80 34 1.45 42.25
16 0.66 31.93 35 1.49 42.50
17 0.70 32.96 36 1.54 42.75
18 0.75 33.91 37 1.58 43.00
19 0.79 34.79 38 1.63 43.30
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Table CIS Conductometric data for the titration of 2,4-dichlorophenoxyacetic acid with
5,11,17,23 tetra fgrf-butyl 25,27~bis(diethylamine)ethoxy 26,28-dihydoxy calix[4]arene 
in N,N-dimethylformamide at 298.15 K
[L]/[P] Am(S cm^ mol *) [LJ/[P]
Am
(S cm^ mol *)
1 0.00 5.06 20 1.06 7.16
2 0.06 5.24 21 1.11 7.25
3 0.11 5.37 22 1.17 7.34
4 0.17 5.51 23 1.22 7.42
5 0.22 5.65 24 1.28 7.50
6 0.28 5.77 25 1.33 7.59
7 0.33 5.88 26 1.39 7.67
8 0.39 6.00 27 1.45 7.76
9 0,44 6.11 28 1.50 7.84
10 0.50 6.22 29 1.56 7.92
11 0.56 6.32 30 1.61 7.99
12 0.61 6.42 31 1.72 8.11
13 0.67 6.53 32 1.84 8.22
14 0.72 6.63 33 1.95 8.34
15 0.78 6.72 34 2.06 8.46
16 0.83 6.82 35 2.17 8.57
17 0.89 6.91 36 2.28 8.67
18 0.95 7.00 37 2.39 8.78
19 1.00 7.08
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Table C16 Conductometric data for the titration of naphthalene acetic acid with
5,11,17,23 tetra tert-\mty\ 25,27-bis(diethylamine)ethoxy 26,28-dihydoxy calix[4]arene 
in N,N-dimethylformamide at 298.15 K
[L]/[P] Am(S cm^ mol *) [L1/[P]
Am
(S cm^ mol )
1 0.00 2.58 24 1.12 3.26
2 0.05 2.62 25 1.16 3.26
3 0.09 2.68 26 1.21 3.28
4 0.14 2.74 27 1.26 3.30
5 0.19 2.78 28 1.30 3.31
6 0.23 2.82 29 1.35 3.32
7 0.28 2.85 30 1.40 3.34
8 0.33 2.88 31 1.44 3.35
9 0.37 2.92 32 1.49 3.36
10 0.42 2.95 33 1.54 3.38
11 0.47 2.97 34 1.58 3.39
12 0.51 3.01 35 1.63 3.40
13 0.56 3.03 36 1.68 3.41
14 0.61 3.05 37 1.72 3.42
15 0.65 3.07 38 1.77 3.44
16 0.70 3.09 39 1.82 3.44
17 0.74 3.10 40 1.86 3.46
18 0.79 3.13 41 1.91 3.46
19 0.84 3.15 42 1.96 3.47
20 0.88 3.17 43 2.00 3.48
21 0.93 3.19 44 2.05 3.49
22 0.98 3.20 45 2.10 3.50
23 1.07 3.24 46 2.14 3.52
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Table C17 Conductometric data for the titration of 2-(2,4-dichlorophenoxy)propionic 
acid with 5,11,17,23 tetra tertAmtyl 25,27-bis(diethylamine)ethoxy 26,28-dihydoxy 
calix[4] arene in N,N-dimethylformamide at 298.15 K
[L]/[P1 1(S cm mol ) [L]/[P1
Am
(S cm^ mol *)
1 0.00 1.00 21 1.56 4.34
2 0.06 1.26 22 1.67 4.47
3 0.11 1.49 23 1.79 4.58
4 0.17 1.73 24 1.90 4.69
5 0.25 2.04 25 2.02 4.80
6 0.31 2.23 26 2.15 4.91
7 0.37 2.39 27 2.28 5.01
8 0.45 2.58 28 2.41 5.12
9 0.51 2.73 29 2.53 5.22
10 0.59 2.88 30 2.67 5.32
11 0.66 3.05 31 2.81 5.42
12 0.73 3.18 32 2.96 5.52
13 0.82 3.34 33 3.10 5.63
14 0.89 3.46 34 3.24 5.71
15 0.98 3.60 35 3.38 5.80
16 1.07 3.73 36 3.52 5.89
17 1.16 3.86 37 3.66 5.97
18 1.26 3.98 38 3.79 6.05
19 1.36 4.11 39 3.93 6.14
20 1.45 4.22
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Table C l8 Conductometric data for the titration of 4-(2,4-dichlorophenoxy)butyric acid 
with 5,11,17,23 tetra tert-hvXy\ 25,27-bis(diethylamine) ethoxy 26,28-dihydoxy calix[4] 
arene in N,N-dimethylformamide at 298.15 K
[L]/[P] Am(S cm mol'^) [LJ/[P1 Am(S cm^ mol’^ )
1 0.00 1.20 15 0.72 3.67
2 0.04 1.41 16 0.78 3.84
3 0.09 1.60 17 0.84 3.98
4 0.13 1.82 18 0.91 4.14
5 0.18 2.01 19 0.97 4.30
6 0.22 2.18 20 1.04 4.44
7 0.27 2.32 21 1.10 4.63
8 0.31 2.47 22 1.16 4.78
9 0.36 2.59 23 1.23 4.92
10 0.40 2.73 24 1.29 5.03
11 0.46 2.93 25 1.35 5.15
12 0.53 3.14 26 1.42 5.31
13 0.59 3.31 27 1.48 5.42
14 0.65 3.52 28 1.54 5.58
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Table C19 Conductometric data for the titration of 2,4,5-trichlorophenoxyacetic acid 
with 5,11,17,23 tetra tert-h\xty\ 25,27-bis(dietliylamine) ethoxy 26,28-dihydoxy calix[4] 
arene in N,N-dimethylformamide at 298.15 K
[L]/[P] 4™ ,(S cm mol" ) [L]/(P]
Am
(S cm  ^mol'^)
1 0.00 2.57 25 0.89 5.54
2 0.04 2.77 26 0.92 5.61
3 0.07 3.00 27 0.96 5.69
4 0.11 3.21 28 1.00 5.75
5 0.15 3.42 29 1.04 5.83
6 0.18 3.62 30 1.07 5.90
7 0.22 3.80 31 1.11 5.97
8 0.26 3.96 32 1.15 6.04
9 0.30 4.09 33 1.18 6.11
10 0.33 4.21 34 1.22 6.16
11 0.37 4.32 35 1.26 6.26
12 0.41 4.43 36 1.29 6.33
13 0.44 4.53 37 1.33 6.38
14 0.48 4.62 38 1.37 6.44
15 0.52 4.72 39 1.41 6.50
16 0.55 4.81 40 1.44 6.56
17 0.59 4.90 41 1.48 6.62
18 0.63 4,99 42 1.52 6.68
19 0.67 5.07 43 1.55 6.74
20 0.70 5.15 44 1.59 6.80
21 0.74 5.24 45 1.63 6.87
22 0.78 5.31 46 1.66 6.91
23 0.81 5.39 47 1.70 6.97
24 0.85 5.47 48 1.74 7.04
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Table C20 Conductometric data for the titration of 2-(2,4,5-trichlorophenoxy)propionic 
acid with 5,11,17,23 tetra tert-hutyX 25,27-bis(diethylamine) ethoxy 26,28-dihydoxy 
calix[4] arene in N,N-dimethylformamide at 298.15 K
[L]/[P] 4*" 1(S cm mol ) [L]/[P] (S cm^ mol *)
1 0.00 0.30 16 1.59 4.37
2 0.15 1.07 17 1.69 4.57
3 0.25 1.50 18 1.79 4.71
4 0.36 1.87 19 1.92 4.93
5 0.46 2.20 20 2.02 5.11
6 0.56 2.50 21 2.12 5.29
7 0.67 2.75 22 2.23 5.50
8 0.77 3.00 23 2.34 5.65
9 0.87 3.21 24 2.44 5.83
10 0.98 3.40 25 2.55 5.40
11 1.08 3.60 26 2.65 5.48
12 1.18 3.75 27 2.75 5.57
13 1.29 3.90 28 2.85 5.66
14 1.39 4.05 29 2.96 5.75
15 1.49 4.24 30 3.07 5.84
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Table C21 Conductometric data for the titration of 2,3,6-trichlorophenyiacetic acid with
5,11,17,23 tetra tert-hutyX 25,27-bis(diethylamine) ethoxy 26,28-dihydoxy calix[4] arene 
in N,N-dimethylformamide at 298.15 K
[L]/[P] A-in(S cm^ mol*) [L]/[P] -^ m(S cm^ mol *)
1 0.00 1.49 25 1.08 3.16
2 0.05 1.63 26 1.13 3.18
3 0.09 1.77 27 1.17 3.22
4 0.14 1.91 28 1.22 3.24
5 0.18 2.06 29 1.26 3.28
6 0.23 2.17 30 1.31 3.30
7 0.27 2.28 31 1.35 3.34
8 0.32 2.37 32 1.40 3.38
9 0.36 2.45 33 1.44 3.41
10 0.41 2.53 34 1.49 3.43
11 0.45 2.59 35 1.53 3.49
12 0.50 2.64 36 1.58 3.53
13 0.54 2.70 37 1.62 3.54
14 0.59 2.78 38 1.67 3.56
15 0.63 2.83 39 1.71 3.60
16 0.68 2.87 40 1.76 3.62
17 0.72 2.91 41 1.80 3.65
18 0.77 2.93 42 1.85 3.68
19 0.81 2.97 43 1.89 3.72
20 0.86 3.01 44 1.94 3.76
21 0.90 3.03 45 1.98 3.80
22 0.95 3.05 46 2.03 3.83
23 0.99 3.08 47 2.07 3.87
24 1.04 3.12 48 2.12 3.90
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A ppendix D: Conductometric Titration Data:
Calculation of the Limiting Molar Conductance of Herbicides Sodium 
Salt
Table D1 Conductometric data for the titration of 2,4-dichlorophenoxyacetic acid sodium 
salt in N,N-dimethyiformamide at 298.15 K
[F] jp-jl/2 Am(S cm  ^mol*) [P] [p-j*/2
Am
(S cm  ^mol *)
1 3.76E-04 1.94E-02 42.90 9 5.65E-04 2.38E-02 41.69
2 4.00E-04 2.00E-02 42.70 10 5.88E-04 2.43E-02 41.55
3 4.24E-04 2.06E-02 42.55 11 6.11E-04 2.47E-02 41.41
4 4.48E-04 2.12E-02 42.38 12 6.34E-04 2.52E-02 41.27
5 4.72E-04 2.17E-02 42.26 13 6.56E-04 2.56E-02 41.13
6 4.95E-04 2.23E-02 42.12 14 6.79E-04 2.61E-02 41.00
7 5.19E-04 2.28E-02 41.97 15 7.01E-04 2.65E-02 40.89
8 5.42E-04 2.33E-02 41.84 16 7.24E-04 2.69E-02 40.75
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Table D2 Conductometric data for the titration of 4-(2,4-dichlorophenoxy)butyric acid 
sodium salt in N,N-dimethylformamide at 298.15 K
[PI jp-jl/2 Am(S cm  ^mol"*) [P'l
[p-]*/2 Am
(S cm  ^mol *)
1 3.54E-04 1.88E-02 38,38 13 7.89E-04 2.81E-02 32.17
2 3.92E-04 1.98E-02 37.64 14 8.24E-04 2.87E-02 31.82
3 4.29E-04 2.07E-02 36.95 15 8.58E-04 2.93E-02 31.50
4 4.66E-04 2.16E-02 36.31 16 8.92E-04 2.99E-02 31.18
5 5.03E-04 2.24E-02 35.72 17 9.26E-04 3.04E-02 30.89
6 5.40E-04 2.32E-02 35.18 18 9.59E-04 3.10E-02 30.59
7 5.77E-04 2.40E-02 34.66 19 9.93E-04 3.15E-02 30.31
8 6.13E-04 2.48E-02 34.14 20 1.03E-03 3.20E-02 30.04
9 6.48E-04 2.55E-02 33.70 21 1.06E-03 3.25E-02 29.78
10 6.84E-04 2.62E-02 33.29 22 1.09E-03 3.30E-02 29.53
11 7.19E-04 2.68E-02 32.90 23 1.12E-03 3.35E-02 29.29
12 7.54E-04 2.75E-02 32.53
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Table D3 Conductometric data for the titration of 2,4,5-trichlorophenoxyacetic acid 
sodium salt in N,N-dimethylformamide at 298.15 K
[P'l jp-jl/2 A™(S cm mol" ) [P'l
[p-jl/2 Am
(S cm  ^mol' )^
1 4.33E-04 2.08E-02 40.20 13 7.76E-04 2.79E-02 38.42
2 4.63E-04 2.15E-02 40.02 14 8.03E-04 2.83E-02 38.29
3 4.92E-04 2.22E-02 39.87 15 8.31E-04 2.88E-02 38.17
4 5.21E-04 2.28E-02 39.70 16 8.58E-04 2.93E-02 38.05
5 5.50E-04 2.35E-02 39.54 17 8.85E-04 2.97E-02 37.92
6 5.79E-04 2.41E-02 39.40 18 9.11E-04 3.02E-02 37.82
7 6.08E-04 2.46E-02 39.24 19 9.38E-04 3.06E-02 37.71
8 6.36E-04 2.52E-02 39.10 20 9.65E-04 3.11E-02 37.60
9 6.64E-04 2.58E-02 38.95 21 9.91E-04 3.15E-02 37.50
10 6.92E-04 2.63E-02 38.81 22 1.02E-03 3.19E-02 37.39
11 7.20E-04 2.68E-02 38.68 23 1.04E-03 3.23E-02 37.29
12 7.48E-04 2.74E-02 38.54 24 1.07E-03 3.27E-02 37.18
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Table D4 Conductometric data for the titration of naphthalene acetic acid sodium salt in 
N,N-dimethylformamide at 298.15 K
[P] jp-]l/2
Am
(S cm^ mol [P] [p-jl/2 Am(S cm^ mol^)
1 6.35E-05 7.97E-03 44.56 19 6.05E-04 2.46E-02 37.66
2 9.50E-05 9.74E-03 43.92 20 6.33E-04 2.52E-02 37.40
3 1.26E-04 1.12E-02 43.33 21 6.61E-04 2.57E-02 37.17
4 1.57E-04 1.25E-02 42.85 22 6.90E-04 2.63E-02 36.93
5 1.88E-04 1.37E-02 42.49 23 7.18E-04 2.68E-02 36.70
6 2.19E-04 1.48E-02 42.03 24 7.46E-04 2.73E-02 36.47
7 2.50E-04 1.58E-02 41.72 25 7.74E-04 2.78E-02 36.25
8 2.80E-04 1.67E-02 41.18 26 8.01E-04 2.83E-02 36.04
9 3.11E-04 1.76E-02 40.75 27 8.29E-04 2.88E-02 35.85
10 3.41E-04 1.85E-02 40.40 28 8.56E-04 2.93E-02 35.65
11 3.71E-04 1.93E-02 40.06 29 8.83E-04 2.97E-02 35.45
12 4.00E-04 2.00E-02 39.73 30 9.10E-04 3.02E-02 35.28
13 4.30E-04 2.07E-02 39.39 31 9.37E-04 3.06E-02 35.10
14 4.60E-04 2.14E-02 39.07 32 9.64E-04 3.11E-02 34.89
15 4.89E-04 2.21E-02 38.78 33 9.91E-04 3.15E-02 34.74
16 5.18E-04 2.28E-02 38.49 34 1.02E-03 3.19E-02 34.56
17 5.47E-04 2.34E-02 38.19 35 1.04E-03 3.23E-02 34.41
18 5.76E-04 2.40E-02 37.92 36 1.07E-03 3.27E-02 34.24
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Table D5 Conductometric data for the titration of 2,3,6-trichlorophenylacetic acid 
sodium salt in N,N-dimethylformamide at 298.15 K
[P] [p-jl/2 4": .(S cm mol ) [P'l
^p-jl/2 Am
(S cm^ mol^)
1 7.21E-04 2.69E-02 40.73 13 1.33E-03 3.64E-02 36.97
2 7.70E-04 2.77E-02 40.37 14 1.37E-03 3.70E-02 36.74
3 8.18E-04 2.86E-02 40.05 15 1.41E-03 3.76E-02 36.51
4 8.66E-04 2.94E-02 39.72 16 1.46E-03 3.82E-02 36.29
5 9.13E-04 3.02E-02 39.41 17 1.50E-03 3.87E-02 36.08
6 9.61E-04 3.10E-02 39.10 18 1.54E-03 3.93E-02 35.87
7 l.OlE-03 3.17E-02 38.81 19 1.59E-03 3.98E-02 35.67
8 l.lOE-03 3.32E-02 38.24 20 1.63E-03 4.04E-02 35.48
9 1.15E-03 3.38E-02 37.97 21 1.67E-03 4.09E-02 35.28
10 1.19E-03 3.45E-02 37.70 22 1.71E-03 4.14E-02 35.10
11 1.24E-03 3.52E-02 37.45 23 1.75E-03 4.19E-02 34.92
12 1.28E-03 3.58E-02 37.21
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Table D6 Conductometric data for the titration of 2,4-dichlorophenoxyacetic acid sodium 
salt in methanol at 298.15 K
[P'l jp-]l/2 Am(S cm  ^mol' )^ [F] ^p-jl/2 Am(S cm  ^mol'*)
1 3.02E-04 1.74E-02 66.15 17 9.46E-04 3.08E-02 64.29
2 3.44E-04 1.86E-02 66.14 18 9.84E-04 3.14E-02 64.21
3 3.86E-04 1.97E-02 66.05 19 1.02E-03 3.20E-02 64.17
4 4.28E-04 2.07E-02 65.97 20 1.06E-03 3.26E-02 64.21
5 4.69E-04 2.17E-02 65.88 21 l.lOE-03 3.31E-02 64.03
6 5.10E-04 2.26E-02 65.75 22 1.13E-03 3.37E-02 63.94
7 5.51E-04 2.35E-02 65.66 23 1.17E-03 3.42E-02 63.84
8 5.92E-04 2.43E-02 65.54 24 1.21E-03 3.48E-02 63.82
9 6.32E-04 2.51E-02 65.36 25 1.25E-03 3.53E-02 63.79
10 6.72E-04 2.59E-02 65.18 26 1.28E-03 3.58E-02 63.73
11 7.12E-04 2.67E-02 65.07 27 1.32E-03 3.63E-02 63.70
12 7.52E-04 2.74E-02 64.92 28 1.35E-03 3.68E-02 63.71
13 7.91E-04 2.81E-02 64.82 29 1.39E-03 3.73E-02 63.68
14 8.30E-04 2.88E-02 64.80 30 1.43E-03 3.78E-02 63.64
15 8.69E-04 2.95E-02 64.71 31 1.46E-03 3.82E-02 63.61
16 9.08E-04 3.01E-02 64.54 32 1.50E-03 3.87E-02 63.57
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Table D7 Conductometric data for the titration of 4-(2,4-dichlorophenoxy)butyric acid 
sodium salt in methanol at 298.15 K
[PI jp-jl/2 Am(S cm^ mol'') [P] jp-jl/2 Am(S cm^ mol'^)
1 3.16E-04 1.78E-02 70.71 15 6.50E-04 2.55E-02 69.76
2 3.41E-04 1.85E-02 70.57 16 6.73E-04 2.59E-02 69.71
3 3.66E-04 1.91E-02 70.50 17 6.95E-04 2.64E-02 69.64
4 3.91E-04 1.98E-02 70.43 18 7.17E-04 2.68E-02 69.62
5 4.15E-04 2.04E-02 70.35 19 7.39E-04 2.72E-02 69.61
6 4.39E-04 2.10E-02 70.31 20 7.61E-04 2.76E-02 69.58
7 4.63E-04 2.15E-02 70.26 21 7.83E-04 2.80E-02 69.55
8 4.87E-04 2.21E-02 70.20 22 8.05E-04 2.84E-02 69.51
9 5.11E-04 2.26E-02 70.15 23 8.26E-04 2.87E-02 69.48
10 5.35E-04 2.31E-02 70.12 24 8.47E-04 2.91E-02 69.45
11 5.58E-04 2.36E-02 70.07 25 8.69E-04 2.95E-02 69.40
12 5.81E-04 2.41E-02 69.94 26 8.90E-04 2.98E-02 69.36
13 6.04E-04 2.46E-02 69.90 27 9.10E-04 3.02E-02 69.31
14 6.27E-04 2.50E-02 69.81
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Table D8 Conductometric data for the titration of 2,4,5-trichlorophenoxyacetic acid 
sodium salt in methanol at 298.15 K
[P-] jp.jl/2 Am(S cm^ mol'^) [P] jp-jl/2 Am(S cm^ moF^)
1 2.91E-04 1.71E-02 62.37 15 6.35E-04 2.52E-02 61.71
2 3.17E-04 1.78E-02 62.39 16 6.58E-04 2.57E-02 61.68
3 3.42E-04 1.85E-02 62.32 17 6.82E-04 2.61E-02 61.61
4 3.67E-04 1.92E-02 62.24 18 7.05E-04 2.65E-02 61.59
5 3.93E-04 1.98E-02 62.19 19 7.28E-04 2.70E-02 61.55
6 4.17E-04 2.04E-02 62.15 20 7.51E-04 2.74E-02 61.49
7 4.42E-04 2.10E-02 62.11 21 7.73E-04 2.78E-02 61.48
8 4.67E-04 2.16E-02 62.06 22 7.96E-04 2.82E-02 61.44
9 4.91E-04 2.22E-02 62.00 23 8.19E-04 2.86E-02 61.43
10 5.15E-04 2.27E-02 61.96 24 8.41E-04 2.90E-02 61.41
11 5.40E-04 2.32E-02 61.91 25 8.63E-04 2.94E-02 61.37
12 5.64E-04 2.37E-02 61.88 26 8.85E-04 2.98E-02 61.35
13 5.88E-04 2.42E-02 61.84 27 9.07E-04 3.01E-02 61.33
14 6.11E-04 2.47E-02 61.77 28 9.29E-04 3.05E-02 61.30
Appendix D
Table D9 Conductometric data for the titration of naphthalene acetic acid sodium salt in 
methanol at 298.15 K
[P-J jp-jl/2 Am(S cm mol^) (PI
jp-jl/2 1(S cm mol )
1 4.33E-04 2.08E-02 63.40 13 7.87E-04 2.81E-02 62.66
2 4.63E-04 2.15E-02 63.31 14 8.16E-04 2.86E-02 62.60
3 4.93E-04 2.22E-02 63.21 15 8.44E-04 2.91E-02 62.56
4 5.23E-04 2.29E-02 63.15 16 8.73E-04 2.95E-02 62.52
5 5.52E-04 2.35E-02 63.07 17 9.02E-04 3.00E-02 62.49
6 5.82E-04 2.41E-02 63.01 18 9.30E-04 3.05E-02 62.46
7 6.12E-04 2.47E-02 62,97 19 9.59E-04 3.10E-02 62.44
8 6.41E-04 2.53E-02 62.94 20 9.87E-04 3.14E-02 62.30
9 6.70E-04 2.59E-02 62.90 21 1.02E-03 3.19E-02 62.28
10 7.00E-04 2.65E-02 62.84 22 1.04E-03 3.23E-02 62.22
11 7.29E-04 2.70E-02 62.78 23 1.07E-03 3.27E-02 62.19
12 7.58E-04 2.75E-02 62.71 24 l.lOE-03 3.32E-02 62.15
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Table DIO Conductometric data for the titration of 2,3,6-trichlorophenylacetic acid 
sodium salt in methanol at 298.15 K
[P’l [p-jl/2 Am(S cm^ mol'^) [P] Am(S cm mol )
1 5.41E-04 2.33E-02 66.76 20 1.24E-03 3.52E-02 64.84
2 5.80E-04 2.41E-02 66.66 21 1.28E-03 3.57E-02 64.78
3 6.19E-04 2.49E-02 66.57 22 1.31E-03 3.62E-02 64.72
4 6.58E-04 2.57E-02 66.46 23 1.34E-03 3.67E-02 64.66
5 6.97E-04 2.64E-02 66.29 24 1.38E-03 3.71E-02 64.61
6 7.35E-04 2.71E-02 66.10 25 1.41E-03 3.76E-02 64.55
7 7.73E-04 2.78E-02 65.99 26 1.44E-03 3.80E-02 64.49
8 8.10E-04 2.85E-02 65.89 27 1.48E-03 3.84E-02 64.44
9 8.48E-04 2.91E-02 65.76 28 1.51E-03 3.88E-02 64.38
10 8.85E-04 2.97E-02 65.68 29 1.54E-03 3.93E-02 64.33
11 9.22E-04 3.04E-02 65.58 30 1.57E-03 3.97E-02 64.27
12 9.58E-04 3.10E-02 65.51 31 1.61E-03 4.01E-02 64.22
13 9.95E-04 3.15E-02 65.39 32 1.64E-03 4.05E-02 64.17
14 1.03E-03 3.21E-02 65.30 33 1.67E-03 4.09E-02 64.10
15 1.07E-03 3.27E-02 65.19 34 1.70E-03 4.12E-02 64.04
16 l.lOE-03 3.32E-02 65.13 35 1.73E-03 4.16E-02 64.01
17 1.14E-03 3.37E-02 65.07 36 1.76E-03 4.20E-02 63.96
18 1.17E-03 3.42E-02 65.00 37 1.79E-03 4.23E-02 63.90
19 1.21E-03 3.47E-02 64.92

